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Haynes, Robin L. - DAMD 17-98-8286

Foreword:

The original focus of this project was on the interaction between the MRP 1 multidrug
resistance protein, which has activity for efflux of glutathione-conjugated molecules out of
cells, and the glutathione S-transferase (GST) family of detoxifying proteins, which catalyze
conjugation of carcinogens with the thiol tripeptide glutathione. Early results in this project,
together with technical problems with expression of MRP 1 in transfected cell lines, led to a
switch in emphasis to the mechanisms of induction of apoptosis induced by the toxic lipid
peroxidation product 4-hydroxynonenal (HNE). In addition, we have examined the relative
contributions of GST and aldehyde dehydrogenase families of detoxifying enzymes to
prevention of cytotoxicity, macromolecular damage, and apoptosis by HNE. This work has
relevance to mechanisms of oxidative stress, inflammation and carcinogenesis, as well as
pathways of induction of apoptosis in breast and other forms of cancer.

This project has now been completed and Dr. Haynes received her Ph.D. in Biochemistry in
Spring 2001. She began a postdoctoral fellowship at Harvard in March 2001

Page 5




Haynes, Robin L. - DAMD 17-98-8286

Introduction

Background

Oxidative stress, a subject of much recent study, causes cellular damage due to normal
oxidative metabolism.” It is associated with many different disease states including
inflammatory diseases, aging and cancer. It has been linked to breast cancer susceptibility
through the study of antioxidants such as isoflavins and vitamin E that have been shown to be
anticarcinogenic agents in breast tissue. Because breast tissue has a high fat content, it is highly
susceptible to oxidative damage via lipid peroxidation. The focus of this project centers on an
extremely potent mediator of oxidant stress induced damage, 4-hydroxy-2-nonenal (HNE).

HNE is one of the most reactive byproducts of lipid peroxidation which results from the
interaction of reactive oxygen species with cellular membranes. The data presented in the two
published papers attached focuses on the contributions of individual structural components to
the overall reactivity and toxicity of HNE, and on mechanisms whereby HNE induces
apoptosis. This work ot only contributes to knowledge about the cellular effects of FINE, but
also provides evidence of a link between oxidant stress-induced lipid peroxidation and
oxidant stress-induced apoptosis. The balance between oxidative damage and oxidant-induced
apoptosis likely affects cancer incidence by controlling the balance between death or
progression of preneoplastic cells in breast, colon, and other types of cancer.

Page 6




Haynes, Robin L. - DAMD 17-98-8286

Summary of publication # 1 (copy attached) :

Haynes, Robin L., Szweda, Luke, and Townsend, Alan J. Structure-Activity Relationships for
Growth Inhibition and Induction of Apoptosis by 4-Hydroxy 2-nonenal in Raw 264.7 Cells.
Molecular Pharmacology , 58 : 788 — 794, 2000.

(also presented as a poster at a Keystone Conference on Apoptosis, Keystone, CO , April 1999, and
again at the June 2000 Era of Hope Meeting in Atlanta).

Key findings:

1) There is a dramatic decrease in toxicity when cells are exposed to nonenoic acid which lacks
the aldehyde yet retains the double bond ( ICs = 1770 uM) as compared to trans-2 nonenal
§IC50 =24" yM). This decrease in toxicity is also seen with the apoptotic endpoint DNA
ragmentation. The loss of the aldehyde reduces the reactivity of the double bond, and also
prevents the formation of LINE-protein crosslinks.

2) When cells are treated with nonanal, a 9- carbon alkyl analog which retains the aldehyde but
lacks the double bond and C4 hydroxy, an intermediafe toxicity (ICsy =308 uM) between trans-
2 nonenal (( IC5y = 24 pM) and nonenoic acid ((1C5p= 1770 ,uNB is seen. The loss of the
aldehyde in nonenoic acid results in a 74-fold decrease in toxicity compared to trans-2-
nonenal. The lack of a double bond in nonanal decreases toxicity 13-fold relative to trans-2-
nonenal. The loss of the double bond prevents Michael additions at the C3 position, and also
removes the potentiation of the reactivity of the aldehyde which alone can interact with
proteins to form Schiff base adducts.

3) Both the aldehyde and C2=C3 double bond are essential for the full toxicity of HNE and
induction of apoptosis. Their effects are additive and mutually interactive.

4) The third reactive group, the 4-hydroxy, contributes much less to the toxicity of HNE, as
evidenced by the 2.7 fold decrease in the toxicity of trans-2-nonenal as compared to HNE (ICs,
of 24 uM vs. 9 uM for HNE) and the parallel differences for induction of apoptotic DNA
fragmentation for these two analogs.

5) The length of the alkenyl chain is important in the toxicity of the compound. Increasing the
alkenal chain increases thé toxicity, both in growth inhibition and in apoptosis induction.

6) Overexpression of human aldehyde dehydrogenase-3, which oxidizes the aldehyde of HNE
into a carboxylic acid, completely protects the cells from apoptotic induction to atleast 70 uM
HNE. It also protects the cell against HNE-protein adduct formation. Such a strong protection
supports the conclusion that the aldehyde of HNE contributes a significant potency to the
overall reactivity of the compound. It also confirms that the aldehyde group is exerting its
toxicity intracellularly rather than at the plasma membrane.

Page 7




Haynes, Robin L. - DAMD 17-98-8286

Summary of publication # 2 (copy attached) :

Townsend, Alan J., Leone-Kabler, Sandra, Haynes, Robin L., Wu, Yin%lhui, Szweda, Luke and
Bunting, Kevin D.  Selective Protection By Stably Transfected Human ALDH3A1
(but not Human ALDH1A1) Against Toxicity of Aliphatic Aldehydes in V79 Cells. Chem. —
Biol. Interact. 130-132: 261 — 273, 2001.

Toxic medium chain length alkanals, alkenals, and 4-hydroxyalkenals that are generated
during lipid peroxidation are potential substrates for aldehyde dehydrogenase (ALDH)
isoforms. We have developed transgenic cell lines to examine the potential for either human
hALDH1A1 or hALDH3AL1 to protect against damage mediated by these toxic aldehydes.

Key findings:

1) Using crude cytosols from stably transfected cell lines, these aldehydes were confirmed
to be excellent substrates for ALDH3A1 but were poorly oxidized by hALDH1A1.

2) Expression of hALDH3AL1 by stable transfection in V79 cells conferred a high level of
protection against growth inhibition by the medium-chain length aldehyde substrates
with highest substrate activity, including hexanal, trans-2-hexenal, trans-2-octenal,
trans-2-nonenal, and 4-hydroxy-2-nonenal (HNE).

3) This was reflected in a parallel ability of hALDH3A1 to prevent depletion of glutathione
by these aldehydes.

4) Expression of hALDH3 completely blocked the potent induction of apoptosis by HNE
in both V79 cells and in a RAW 264.7 murine macrophage cell line, consistent with
prevention of HNE-protein adduct formation.

5) In contrast, hALDH1A1 expression provided only moderate protection against frans-2-
nonenal, and none against the other 6 — 9 carbon aldehydes.

6) Neither hALDH1A1 nor hALDH3A1 conferred any protection against acrolein,
acetaldehyde, or chloroacetaldehyde. A small degree of protection against
malondialdehyde was afforded by hALDH1A1, but not hRALDH3AT.

7) These studies demonstrate that expression of class 3 ALDH, but not class 1 ALDH, can

be an important determinant of cellular resistance to toxicity mediated by aldehydes of
intermediate chain length that are produced during lipid peroxidation.

Page 8




Haynes, Robin L. - DAMD 17-98-8286

Summary of publication # 3 (copy attached) :

Haynes, R. L., Brune, B., and Townsend, A. J. Ap8ptosis in RAW 264.7 cells exposed to
4-hydroxy-2-nonenal: dependence on cytochrome C release but not p53 accumulation.
Freé Rad Biol Med 30: 884-894, 2001.

(also presented at the April 2000 American Assocociation for Cancer Research meeting, San Francisco,
CA, and at the June 2000 Era of Hope Meeting in Atlanta).

Key findings:

1) Expression of the anti-apoptotic protein Bcl-2 in stably transfected RAW 264.7 cells
prevented HNE-induced internucleosomal DNA fragmentation and apoptosis, and these cells
resume growth after a temporary (24-48 hr) growth delay.

2) While parental RAW 264.7 cells released mitochondrial cytochrome c within 3 hours after
HNE exposure, expression of Bcl-2 prevented cytochrome c release.

3) In control cells, p53 protein levels peaked at 6-9 hours after HNE exposure and then
declined, while in Bcl-2 expressing cells, p53 levels were maximal at 6-9 hours and remained
elevated up to 96 hours.

4) Expression of SV40 large T-antigen, which forms a stable complex with p53 protein, via
stable transfection blocked transactivation of the p53-regulated gene p21"4™/“™, but did not
affect induction of apoptosis by HNE, suggesting that p53 function is not important in HNE
induced apoptosis.

These results indicate that cytochrome c release, but not p53 accumulation, plays an essential
role in HNE-induced apoptosis in RAW 264.7 cells.

Page 9




Haynes, Robin L. - DAMD 17-98-8286

Summary of publication # 4 (in preparation) :

Haynes, Robin L., Morrow, Charles S., and Townsend, Alan]. Enhanced apoptosis after
exposure to thiol-reactive electrophiles in transgenic cell lines expressing high levels of
glutathione S-transferases. In preparation.

Key findings:

1) Expression of murine GSTA4 in V79 cells results in paradoxically enhanced sensitivity to
HNE, rather than protection due to conjugation, as expected. This may yet be due to
accumulation of the HNE-SG conjugate, which can tautomerize to an open-chain
aldehyde that may retain significant reactivity and hence toxicity.

2) Similarly, expression of murine GSTMI in V79 cells results in paradoxically enhanced
sensitivity to the toxicity of the carcinogen 4-nitroquinoline-1-oxide, again rather than
protection, as expected. This was not due to accumulation of the GSH conjugated
product, again contrary to expectations.

3) The current hypothesis is that these results may reflect GSH depletion that dominates

the outcome, rather than the toxicity of the parent electrophile and its detoxification by
GSTs. However, result #1 may be due to continued toxicity of the conjugated product.

Page 10




Haynes, Robin L. - DAMD 17-98-8286

Reportable Outcomes

Ph.D. Degree awarded:

Dr. Robin L. Haynes received her Ph.D. degree in Biochemistry in the Spring of 2001. She has
recently accepted a postdoctoral fellowship appointment at Harvard University, Boston, MA.

Abstracts: (copies attached)

1. Haynes, R. L., Willingham, M., Szweda, L., and Townsend, A.J. Structure-Activity and
Mechanistic Studies on Induction of Apoptosis by 4-Hydroxy-2-nonenal in RAW 264.7
Cells.  Proc. Keystone Symp. On Apoptosis, Keystone, CO, April 1999.

2. R.L.Haynes and A. Townsend. Lipid Peroxidation product 4-Hydroxy 2 Nonenal induces
cytochrome ¢ d?enden’c, p53 independent apoptosis in murine macrophage line RAW
264b.7 . American Association for Cancer Research, Conference on Cell Death. Lake Tahoe, NV.
Feb. 2000.

3. Haynes, R. L. and Townsend, A.]. Patterns of p53 Accumulation and Cytochrome ¢
Release Upon Induction of Apoptosis by the Lipid Peroxidation Product 4—Hydro>6y—2-
nonenal in RAW 264.7 cells. Proc. Amer.” Assoc. Cancer Res. 41: # 4137 (p. 651) , 2000.

4. R.L.Haynes and A. Townsend. Structure-Activity and Mechanistic Studies on the
Toxicit%of 4-Hydroxy 2-Nonenal, bﬁproduct of the peroxidation of Polyunsaturated Fatty
Acids. Dept of Defensé “Era of Hope” Breast Cancer Symposium. Atlanta, Ga. June 2000.

Manuscripts:(copies of # 1 -3 are attached)

1. Haynes, Robin L., Szweda, Luke, and Townsend, Alan J. Structure-Activity Relationships
for Growth Inhibition and Induction of Apoptosis by 4-Hydroxy 2-nonenal in Raw 264.7
Cells. Molecular Pharmacology , 58 : 788 — 794, 2000.

2. Haynes, R. L., Brune, B., and Townsend, A. J. Ap()é)tosis in RAW 264.7 cells exposed to
4-hydroxy-2-nonenal: dependence on cytochrome C release but not p53 accumulation.
Free Rad Biol Med 30: 884-894, 2001.

3. Townsend, Alan J., Leone-Kabler, Sandra, Haynes, Robin L., Wu, Yinghui, Szweda, Luke
and Bunting, Kevin D. Selective Protection By Stably Transfected Human ALDH3A1
(but not Human ALDH1A1) Against Toxicity of Aliphatic Aldehydes in V79 Cells. Chem. -
Biol. Interact. 130-132: 261 —273, 2001.

4. Haynes, Robin L., Morrow, Charles S., and Townsend, Alan J. Enhanced apoptosis after

exposure to thiol-reactive electrophiles in transgenic cell lines expressing high levels of
glutathione S-transferases. In preparation.

Cell lines created:

1. Multiple clones of RAW 264.7 cells overexpressing SV40 Large T-antigen.
2. Multiple clones of RAW 264.7 cells overexpressing hALDH3.
3. Several clones of V79 cells overexpressing murine GSTA4.
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Haynes, Robin L. - DAMD 17-98-8286

Abstract #1 :

Structure-Activity and Mechanistic Studies on Induction of Apoptosis by 4-
Hydroxy-2-nonenal in RAW 264.7 Cell. Robin L. Haynes, Mark Willingham, Luke
Szweda, and Alan J. Townsend. Biochemistry Dept., Wake Forest Univ. School of
Medicine, Winston-Salem, NC 27157

4- hydroxy-2-nonenal (HNE) is a highly reactive lipid aldehyde byproduct of the
peroxidation of cellular membranes. It has been shown to induce apoptosis in certain cell
lines and is thought to be a potential mediator of oxidant stress induced apoptosis. Here we
present our findings regarding structural determinants and mechanistic aspects of induction
of apoptosis by HNE.

In the mouse alveolar macrophage cell line RAW 264.7 apoptosis is induced in a
dose dependent manner as seen by internucleasomal DNA fragmentation and caspase
activation. Both indices are seen at concentrations as low as 25 - 30uM HNE. Using time
lapse video microscopy, we have shown that at 50uM HNE greater than 90% of the cells
have formed apoptotic blebs, blistered, and lysed by 18 hours. Structure-activity
relationships have been examined to determine the importance of individual structural
components of HNE in the apoptosis induction mechanism. Using congeners with various
chain lengths, and with DNA laddering as an index of apoptosis, we have shown that the
potency of apoptosis induction increases greatly with the length of the fatty acid chain.
Nonanal, which lacks the trans 3,4-double bond, shows a decreased potency compared to
analogous aldehydes. Nonenoic acid, which lacks the C1-aldehyde yet retains the double
bond, shows a considerable loss of potency from that of all compounds tested including
nonanal. These results are consistant with growth inhibition/cell survival data which give an
IC50 of 1500uM for nonenoic acid and IC50’s ranging from 10uM - 200uM for all other
congeners retaining the aldehyde. The importance of the aldehyde in HNE toxicity is
supported by studies in which RAW cells overexpressing the aldehyde metabolizing
enzyme aldehyde dehydrogenase (ALDH) show complete protection against HNE induced
apoptosis as well as HNE -protein adduct formation.

In addition to stuctural-activity correlations we are also studying mechanistic aspects
of HNE induced apoptosis.Unexpectedly, there was no acute depletion of GSH up to
several hours after exposure to HNE. Because HNE can damage DNA, p53 expression
was measured; however no p53 protein accumulation was detected within the time and
concentration range relevant to induction. An alternate mechanism of induction may involve
direct effects of HNE on mitochondria. Evidence supporting the role of mitochondria in
HNE induced apoptosis is seen in RAW cells overexpressing the anti-apoptotic protein
BCL2. This overexpression renders cells resistant to HNE induced apoptosis suggesting
that mitochondrial permeability (PT) modulation plays a role in the induction pathway.
Mitochondial transmembrane potential studies using flow cytometry and the potential
sensitive dye DiOC6(3) are currently underway. Supported by NIH Grant # CA-76283,
and DOD Grant # DAMD 17-98-8286.

Poster presented to the Keystone Conference on Apoptosis, Keystone, CO, 1999.
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' Haynes, Robin L. - DAMD 17-98-8286

Abstract #2 :

4-Hydroxy-2 nonenal (HNE), a highly reactive aldehyde product of the peroxidation of
w- fatty acids, has been shown to induce apoptosis in certain cell lines. When RAW 264.7
murine macrophage cells were treated with HNE, apoptosis was induced in a dose dependent
manner as seen by caspase activation and internucleasomal DNA fragmentation. To examine
the possible involvement of HNE induced DNA damage in the apoptotic induction, p53 levels
were examined. After a 1 hour treatment with 50mM HNE, p53 levels increased, peaking at 6
hours after treatment then declining over the following 3-6 hours. After a 1 hour treatment with
25mM HNE, p53 levels peak at 3 hours while at 75mM HNE p53 levels show no significant
increase. RAW 264.7 cells stably expressing the anti-apoptotic protein BCL-2 showed a greater
p53 protein accumulation than parental cells after treatment with 50mM HNE. Unlike parental
cells, however, p53 levels peaked at 9 hours and remained elevated for 48 hours. The fate of
these cells in addition to the effect of elevated p53 on the cell cycle of BCL2 transfectant is
discussed.

In addition to p53, cytochrome c release was also examined. After treatment with 50mM
HNE, cytosolic levels of cytochrome c increased to approximately 10% of the total amount of
releasable cytochrome c. With 75mM HNE a significant amount of release was detected. The
BCL2-transfected lines showed no significant increase in cytochrome c release at any HNE
concentration.

To further elucidate the role and contribution of the p53 mediated pathway, parental
cells were stably transfected with simian virus 40 T antigen (TAG) a known inactivator of p53
function. Although TAG was shown to bind to p53 as well as prevent p53 function (loss of
upregulation of downstream mediator p21(WAF1I)), no discernable differences were seen in
apoptosis induction suggesting the importance of a second apoptotic pathway. . Supported by
NIH Grant # CA-76283, and DOD Grant # DAMD 17-98-8286.

Presented to : American Association for Cancer Research, Conference on Cell Death. Lake Tahoe, NV.
Feb. 2000.
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Haynes, Robin L. - DAMD 17-98-8286

Abstract #3 :

Patterns of p53 Accumulation and Cytochrome ¢ Release Upon
Induction of Apoptosis by the Lipid Peroxidation Product 4-
Hydroxy-2-nonenal in RAW 264.7 cells. Robin L. Haynes and
Alan J. Townsend.  Biochemistry Dept., Wake Forest Univ.
School of Medicine, Winston-Salem, NC 27157.

4-Hydroxy-2-nonenal (HNE), a reactive aldehyde product of the
peroxidation of m—fatty acids, has been shown to induce apoptosis in
some cell lines. When RAW 264.7 murine macrophage cells were
treated with HNE, apoptosis was induced in a dose-dependent
manner, as seen by caspase activation and internucleosomal DNA
fragmentation. Since HNE has been suggested to induce DNA
damage, p53 levels were examined. After 1 hour at 50uM HNE,
p53 levels increased, peaking at 6 hours after treatment, then
declining over 3 - 6 hours. At 25 uM HNE, p53 levels peaked at 3
hours while at 75uM, surprisingly, p53 levels were unchanged.
RAW 264.7 cells stably expressing the anti-apoptotic protein BCL-2
also showed even higher p53 protein accumulation after 50 pM
HNE. However, p53 levels peaked at 9 hours after exposure, and
remained elevated for 48 hours. 50uM HNE induced release of
approximately 10% of the total amount of available cytochrome ¢
into cytosol. At 75uM HNE a higher amount of release was
detected, but without p53 accumulation. The BCL2-transfected lines
showed no increase in cytochrome c release at any HNE
concentration. These results suggest multiple pathways of HNE-
induced apoptosis.  Supported by NIH Grant # CA-76283, and
DOD Grant # DAMD 17-98-8286.

Presented at the April 2000 annual meeting of the American
Association for Cancer Research
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Abstract #4 :

STRUCTURE-ACTIVITY AND MECHANISTIC STUDIES ON THE TOXICITY
OF 4-HYDROXY 2-NONENAL, A BYPRODUCT OF THE PEROXIDATION OF
POLYUNSATURATED FATTY ACIDS

Robin L. Haynes and Alan J. Townsend

Wake Forest University Baptist Medical Center
Winston Salem, North Carolina.

The role of cellular oxidant stress in carcinogenesis has recently become the focus
of intense study. Oxidative stress is generated through the accumulation of reactive
oxidative species (ROS) which interact with cellular molecules and lead to the initiation of
downstream reactions and an accumulation of reaction byproducts. Lipid peroxidation, a
series of self propagating reactions, is initiated upon the interaction of ROS with the
polyunsaturated fatty acids of cellular membranes. This reaction, prominent in tissue with
high fat content such as breast tissue, results in a number of byproducts including the most
toxic 4 hydroxy-2 nonenal (HNE) which is the focus of the research presented.

HNE is a highly reactive lipid molecule which has been shown to damage both DNA
and proteins. HNE contains several structural moieties including an aldehyde, a trans-
double bond, a hydroxyl group, and a 9-carbon lipid chain. To better understand the
mechanism of HNE toxicity we have examined the contribution of each of these structural
components to the overall reactivity using analogous compounds which lack one of more
components. Using growth inhibition/ cell survival and apoptosis induction as endpoints
we find that the order of toxicity of each component is as follows; C,-aldehyde>>3,4-
double bond>fattty acid chain length> C,-hydroxyl. The potency of the aldehyde and its
importance to the toxicity of the compound is confirmed by studies in which cells
overexpressing the lipid aldehyde-metabolizing enzyme aldehyde dehydrogenase-3 ~show
complete protection against HNE induced apoptosis and HNE-protein adduct formation.

In addition to structure-activity correlations we are also studying mechanistic aspects
of HNE-induced toxicity. Because HNE is known to damage DNA, we examined the
possibility that HNE induced a stabilization/activation of tumor supressor protein, p53.
These studies were done in a RAW 264.7 mouse macrophage cell line because of the
presence of wildtype p53. We find that p53 levels increase substantially at HNE
concentrations between 25 and 50uM but show no increase at the higher concentration of
75 uM. When apoptosis induction is examined as well as p53 stabilization, we find that
apoptosis increases with increasing concentrations suggesting the presence of multiple,
concentration dependent, pathways of apoptosis induction. Cells stably expressing the anti-
apoptotic protein BCL-2 showed a greater increase in p53 protein than parental cells yet
showed protection against apoptotic DNA fragmentation. The effect of elevated p53 on the
cell cycle of BCL-2 transfectants is currently being studied.

These findings on HNE cellular toxicity contribute to the increasing knowledge of
the potential role of oxidative stress in carcinogenesis, and suggest possible opportunities
for modulation of cellular defense levels, e.g. modulation of phase 2 detoxifying enzymes,
in order to regulate the degree of cell death in either normal or tumor cells.

The U.S. Army Medical Research and Materiel Command supported this work under
contract # DAMD-17-98-1-8286.

Presented at the June 2000 Era of Hope meeting, Atlanta, GA.
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ABSTRACT

4-Hydroxy-2-nonenal (HNE) is a highly reactive lipid aldehyde
byproduct of the peroxidation of cellular membranes. The
structure of HNE features three functional groups, a C1 alde-
hyde, a C2=C3 double bond, and a C4- hydroxyl group, each
of which may contribute to the toxicity of the compound. In
addition, the length of the aliphatic chain may influence toxic
potency by altering lipophilicity. Using analogous compounds
that lacked one or more of the structural moieties, the role of
each of these structural motifs in the cytotoxicity of HNE was
examined in a mouse alveolar macrophage cell line (RAW
264.7) by a cell survival and growth assay. The importance of
these functional groups in the potency of HNE for induction of
apoptosis was also examined. The rank order of effects on
toxicity was C1—aldehyde = C2=C3 double bond >

C4—hydroxyl, with parallel results in both the survival/growth
inhibition and apoptosis induction assays. The chain length
also influenced toxicity in a series of a,B-unsaturated alkenyl
aldehydes, with increasing chain length yielding increasing tox-
icity. To confirm the importance of the aldehyde moiety, and to
examine the role of metabolic detoxification in cellular defenses
against HNE toxicity, a RAW 264.7 cell line overexpressing
human aldehyde dehydrogenase-3 (hALDH3) was generated.
This cell line exhibited nearly complete protection against HNE-
protein adduct formation as well as HNE-induced apoptosis.
These results illustrate the comparative significance of key
structural features of HNE in relation to its potent toxicity and
induction of apoptosis.

Oxidative stress occurs in biological systems when prooxi-
dant species are not adequately detoxified by antioxidant
defenses, resulting in the accumulation of chemically altered
macromolecules that may compromise function or cause the
demise of the cell. Proteins and particularly the polyunsatu-
rated fatty acids that make up biological membranes are
susceptible to oxidative damage. When fatty acids such as
arachidonic acid interact with free radicals in the presence of
molecular oxygen, a self-propagating lipid peroxidation reac-
tion may be initiated that results in the formation of reactive
byproducts such as lipid hydroperoxides and aldehydes. The
o, B-unsaturated aldehyde 4-hydroxy-2-nonenal is the most
reactive and cytotoxic of the aldehyde byproducts of lipid
peroxidation (Benedetti et al., 1980). The C3 position of 4-hy-
droxy-2-nonenal (HNE) is a highly reactive site for Michael

This work was supported by United States Public Health Service Grant
CA76283 from the National Cancer Institute. Tissue Culture, Analytical Im-
aging, and Biomolecular Research Core Lab facilities were supported in part
by Cancer Center Support Grant 5-P30-CA12197 from the National Cancer
Institute.

addition reactions with cellular thiols (Witz, 1989), and
hence readily forms adducts with glutathione or protein thi-
ols. The terminal aldehyde head group can react with the
amino group of lysine or the imidazole nitrogen in histidine,
albeit more slowly than the Michael addition at C3. The C4
hydroxyl group can undergo a subsequent cyclization with
the C1 aldehyde of the C3-thioether Michael adduct to form
a relatively stable thiohemiacetal ring (Esterbauer et al.,
1991). HNE has been shown to cause a number of deleterious
effects in cells, including glutathione depletion (Cadenas et
al., 1983), DNA and RNA synthesis inhibition (Poot et al.,
1988), calcium homeostasis disturbances (Benedetti et al.,
1984), inhibition of mitochondrial respiration (Humphries et
al., 1998), and morphological changes (Gadoni et al., 1993).
HNE-induced protein damage has been associated with sev-
eral pathological conditions, such as ischemia-reperfusion
injury (Siems et al., 1995), atherosclerosis (Yla-Herttuala et
al., 1989), alcoholic liver disease (Li et al., 1997), Alzheimer’s
disease (Montine et al., 1997), and cellular aging (Lucas and
Szweda, 1998).

ABBREVIATIONS: HNE, 4-hydroxy-2-nonenal; DMEM, Dulbecco’s minimal essential medium; hALDH3, human aldehyde dehydrogenase 3;
PAGE, polyacrylamide gel electrophoresis; ALDH, aldehyde dehydrogenase.

o0




Structure Requirements for Hydroxynonenal-Induced Apoptosis 789

Recently, HNE has been shown to induce apoptosis in
certain cell lines (Li et al., 1996; Yildiz et al., 1996; Kruman
et al., 1997), suggesting a possible connection between oxi-
dant stress-generated lipid peroxidation byproducts and ox-
idant stress-induced apoptosis. This observation presents
questions regarding the mechanism of HNE initiation of
apoptosis and the relative contributions of HNE structural
components to the potency of induction of apoptosis. Unique
structural features of HNE include the presence of two struc-
tural domains, a lipophilic tail, and a polar head comprised of
several functional groups. The polar head contains an alde-
hyde at the C1 position, a double bond between C2 and C3,
and a hydroxyl group at the C4 position. These groups may
participate independently or cooperatively to interact with
cellular molecules. One way to evaluate the importance of
each moiety in the toxicity of HNE is to compare the effects of
HNE to analogous compounds that either vary in fatty acid
chain length or lack a specific functional group. For example,
compounds such as trans-2-hexenal, frans-2-octenal, and
trans-2-nonenal lack the 4-hydroxyl group, and also vary in
fatty acid chain length. Compounds such as nonanal and
nonenoic acid lack the C2=C3 double bond or the C1 alde-
hyde, respectively, in addition to loss of the 4-OH group. The
experiments described herein were designed to assess the
contribution of HNE structural components to the toxicity of
HNE and particularly to their ability to induce apoptosis.

Materials and Methods

Cell Culture and Reagents. Mouse alveolar macrophage RAW
264.7 cells were grown at 37°C in a 5% CO, atmosphere in Dulbecco’s
minimal essential medium (DMEM; GIBCO, Grand Island, NY) sup-
plemented with 10% fetal bovine serum. 4-Hydroxynonenal was
kindly provided by the lab of Dr. Herman Esterbauer (University of
Graz, Graz, Austria), or purchased from Cayman Chemical (Ann
Arbor, MI). Analogous aldehydes trans-2-hexenal, trans-2-octenal,
trans-2-nonenal, and nonanal were purchased from Aldrich (Milwau-
kee, WI); nonenoic acid was purchased from TCI (Portland, OR).
Synthesis of 4-hydroxynonanal was via reduction of y-nonanoic lac-
tone by diisobutylaluminum hydride in toluene (Bloch and Gilbert,
1987). The product was purified by silica chromatography, solvent
removed, and the oil characterized by NMR at 25°C in 1:1 CD3;0D:
D,0.

Growth Inhibition/Cell Survival. Cells (1.2 X 10°) were treated
in suspension in 5 ml of PBS plus chemical agent for 30 min at 37°C.
Cells were pelleted by centrifugation (1000 rpm for 5 min) and
resuspended in DMEM + 10% fetal bovine serum. Cells (6 X 10%)
were plated in six-well dishes and allowed to grow for 2 days, at
which time cells were released by exposure to trypsin/EDTA and
counted.

DNA Fragmentation Assay. Cells were plated at 2 X 10° cells
per 60-mm Petri dish. After 16 to 20 h, cells were rinsed and treated
with agents in serum-free DMEM. After a 1-h exposure, medium was
removed and replaced with DMEM + 10% fetal bovine serum. Cells
were allowed to incubate for an additional 9 h, at which time they
were harvested in PBS, pH 7.4, and centrifuged at 4°C, 1000 rpm for
5 min. Cells were then lysed in 20 mM EDTA, 100 mM Tris, pH 8.0,
and 0.8% sodium lauryl sarcosine and subjected to RNase treatment
(0.5 mg/ml for 1 h at 37°C) followed by proteinase K treatment (5
mg/ml for 6-12 h at 55°C). Nonfragmented chromosomal DNA was
removed by filtering the lysate through 0.45-um syringe filters pre-
treated with 0.2 mg/ml BSA. Fragmented DNA were then precipi-
tated with 0.1 volume of 3 M sodium acetate, pH 5.2, and 2.5 volumes
of 100% ethanol. Redissolved DNA was electrophoresed on a 1.8%
agarose gel, then stained with ethidium bromide; DNA fluorescence

was recorded using a video imaging workstation (Alpha Innotech,
San Leandro, CA).

Transfection of Human Aldehyde Dehydrogenase 3. The
¢DNA for human class 3 aldehyde dehydrogenase (hALDH3) was
previously cloned by polymerase chain reaction amplification from
human stomach ¢cDNA and subcloned into the Xhol site of the
ApCEP4A mammalian expression vector, a derivative of the pCEP4
vector (InVitrogen, Carlsbad, CA) modified to prevent episomal rep-
lication and favor host cell integration (Bunting et al., 1994). Both
the ApCEP4A/hALDHS vector and ApCEP4A (empty vector) were
introduced into RAW 264.7 cells using the cationic liposome reagent
Escort (Sigma, St. Louis, MO). Briefly, cells were plated in 100-mm
Petri dishes and grown to 70 to 80% confluency. Escort (30-50 uL)
was incubated with DNA (15-25 pg) in 800 pL of Opti-MEM trans-
fection medium (GIBCO) for 15 min. Opti-MEM was added to Escort/
DNA mixture to a total volume of 8 ml. Cells were then allowed to
incubate in transfection medium for 6 h. After 24 h, cells were
subcultured and selection medium (DMEM + 10% FBS) was added
together with 0.7 mg/ml hygromycin. After 9 to 12 days, hygromycin-
resistant colonies were cloned and expanded for aldehyde dehydro-
genase (ALDH) screening.

Analysis of ALDH Expression. Enzyme activity assays were
performed using crude cytosol as previously described (Bunting et
al., 1994) with 1 mM benzaldehyde as a substrate and 1 mM NAD+
as a cofactor. The product of HNE modification by hALDH3 was
analyzed by electrospray mass spectrometry after incubation of pu-
rified hALDH3 with a similar reaction mixture containing 100 uM
HNE as substrate and 200 pM NAD+ as oxidant cofactor. The
reaction was followed by the change in absorbance at 340 nm and
was essentially complete after 3 min. Whereas the blank (no enzyme)
reaction mix had only unreacted HNE (m/z = 154.98), the carboxyl
product was almost all 4-hydroxynonenoic acid (m/z = 171.04). For
hALDHS protein detection, 50 pg of total protein was electropho-
resed on a 10% SDS-PAGE and transferred to nitrocellulose. The
nitrocellulose was probed with a 1:3000 dilution of a rabbit anti-rat
class 3 ALDH antisera (kindly provided by Dr. Ronald Lindahl, Univ.
of South Dakota, Vermillion, SD) that was cross-reactive with hu-
man ALDH-3. After probing with horseradish peroxidase-conjugated
goat anti-rabbit secondary antibody (Bio-Rad, Hercules, CA), protein
was detected by chemiluminescence (NEN Life Science Products,
Boston, MA).

Glutathione Assay. Control or HNE-treated cells were placed on
ice, pelleted by low-speed centrifugation, and washed with PBS + 5
mM EDTA. Intracellular GSH content was assayed by the glutathi-
one disulfide reductase method (Tietze, 1969). The assay buffer (0.1
M KPO,, 1 mM EDTA, pH 7.5) included NADPH (0.4 mM), gluta-
thione disulfide reductase (0.8 units), and 5,5'-dithiobis(2-nitroben-
zoate) (0.44 mg/ml). Samples of 1 X 10° cells were lysed in 2%
sulfosalicylic acid on ice for 5 min, and centrifuged 12,000g for 10
min at 4°. Aliquots of the supernatant were assayed by determining
the change in absorbance at 412 nm over a 2-min reaction. A stan-
dard curve for each assay was used to calculate nanomoles of GSH
per reaction.

HNE Protein Adduct Detection. Cells were plated at 2.5 X 10°
cells/60-mm dish; 16 to 20 h later, cells were exposed to agents for 1 h
in serum-free medium. FBS was added to 10% at 1 h and cells were
allowed to incubate for an additional hour. Cells were harvested in
PBS, centrifuged, and the pellets lysed in 50 mM Tris, 5 mM EDTA,
and 1 mM phenylmethylsulfonyl fluoride. Lysates were centrifuged
at 14,000g for 10 min at 4°C, and protein (50 pg/lane) was run on a
10% SDS-PAGE and transferred by semidry electrophoresis to nitro-
cellulose. Adducts were detected using an anti-HNE/protein adduct
antibody (Cohn et al., 1996) at a dilution of 1:2500. After probing
with goat anti-rabbit, horseradish peroxidase-conjugated secondary
antibody (Bio-Rad) (1:3000) the protein was detected using Renais-
sance chemiluminescence reagent (NEN Life Science Products).
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Results

Cytotoxicity. The contributions of the separate domains
or functional groups of HNE to the inhibition of cell survival
and growth were assessed using different congeners analo-
gous to HNE but differing in one or more functional groups.
Cytotoxicity data for HNE, trans-2 nonenal (lacks the OH),
nonanal (lacks the C2=C3 double bond), and nonenoic acid
(lacks the aldehyde) yielded IC;, values 0of 9.0 = 1.1 uM, 24 =
4.3 uM, 308 = 34.9 uM, and 1770 + 342 uM, respectively
(Fig. 1A). The IC;, values for HNE and ¢rans-2-nonenal
differed by 2.7-fold, reflecting a moderate but significant (P <
.001) contribution of the hydroxyl group to the toxicity of
HNE. Although 4-hydroxynonanal was successfully synthe-
sized via reduction of y-nonanoic lactone, the compound ex-
isted primarily (>98%) in the ring-closed hemiacetal form,
and was nontoxic up to 2 mM (data not shown). Hence, in the
presence of a 4-hydroxyl group, it was not possible to evalu-
ate the mostly blocked aldehyde in the saturated alkanal,
whereas the trans-double bond prevents this cyclization in
the o,B-unsaturated aldehydes. The difference between the
toxicity of trans-2-nonenal and its saturated analog nonanal
was 13-fold (P < .0001), whereas substitution of a carboxyl
for the aldehyde group resulted in ICz, values that were
5.7-fold higher than with nonanal (P < .0001), and 74-fold
higher than with trans-2-nonenal (P < .0001). The effect of
the lipophilicity on growth inhibition was examined by ex-
posing cells to analogous o,B-unsaturated aldehydes of dif-
ferent alkenyl chain lengths (Fig. 1B). These experiments
showed increased toxicity with increased chain length as
shown by IC;, values of 99 = 20 uM, 30 = 5 uM, and 24 = 4.4
1M for trans-2 hexenal, trans-2 octenal, and ¢frans-2 nonenal,
respectively.

Induction of Apoptosis. Increasing concentrations of
HNE were added to culture medium to determine the sensi-
tivity of RAW 264.7 cells to induction of apoptosis, and cel-
lular internucleosomal DNA fragmentation was monitored as
an index of apoptosis. This HNE dose-response experiment
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showed the internucleosomal DNA fragmentation character-
istic of apoptosis at HNE concentrations as low as 30 uM
(Fig. 2). This response is relatively rapid, occurring as early
as 8 h after a 1-h exposure to HNE. As the HNE concentra-
tion was increased, the amount of fragmentation increased,
indicating a greater fraction of cells undergoing apoptosis. In
other cell lines HNE has been shown to rapidly deplete cel-
lular GSH, a condition that could trigger apoptosis as a result
of oxidative stress caused by loss of the reducing potential of
GSH. In the RAW 264.7 cell line used in these experiments,
we have found that exposure to 25, 50, and 75 uM HNE
resulted in only moderate depletion of total cellular GSH
(84.0 = 6.8, 71.7 = 5.2, and 68.8 = 4.5% of GSH levels in
control cells, respectively).

Activation of the proapoptotic protease caspase 3 was also
examined as a biochemical index of apoptotic response to
HNE exposure. Caspase activities of 0.31 nmol/min/mg, 0.64
nmol/min/mg, and 0.79 nmol/min/mg were measured after
exposure to 0 uM, 40 uM, and 70 uM HNE, respectively (data
not shown). This experiment confirms the dose-dependent
nature of the response and also documents a second positive
apoptotic endpoint in support of the conclusion that cells are
dying by apoptotic rather than necrotic death. In addition, we
have used time-lapse video microscopy to show that at 50 uM
HNE, more than 90% of the cells have formed apoptotic
blebs, blistered, and lysed within 18 h after exposure to HNE
(R. L. Haynes and M. Willingham, unpublished observa-
tions). These observations confirm that apoptosis is the pri-
mary mode of cell death in RAW 264.7 cells after exposure to
HNE.

Structure-Activity Correlation with Induction of Ap-
optosis. The growth inhibition studies provided an index of
the relative overall toxicity of each of the compounds and the
effect of modification of specific functional groups. A parallel
series of experiments was performed to determine whether
this relationship is explained by similar effects of these struc-
turally distinct analogs on the degree of induction of apopto-

100

104

Percent of Control Growth

1

10’ 102 10° 10*

Concentration ( yM )

10°

Fig. 1. A, growth inhibition/cell survival to determine the importance of individual functional groups. Cells were dosed with analogous compounds for
30 min as described under Materials and Methods and allowed to grow for 2 days, at which time they were trypsinized and counted. Analogous
compounds used include HNE (®); trans-2-nonenal (O) (lacks the hydroxyl); nonanal (A) (lacks the C2=C3 double bond and hydroxyl); and nonenoic
acid (A) (lacks the C1 aldehyde and hydroxyl. Respective ICq, values are 9.0 = 1.1 uM, 24 * 4.3 uM, 308 * 34.9 uM, and 1770 * 342 uM. The results
are mean * S.E. for four to seven separate experiments. B, growth inhibition/cell survival to determine the importance of chain length. Cells were
dosed for 30 min as described under Materials and Methods with analogous aldehydes ¢rans-2-nonenal (O) (nine carbons), ¢rans-2-octenal (W) (eight
carbons), and trans-2-hexenal () (six carbons). The dashed line is the HNE data from A, for comparison. ICy, values are 24 + 4.3, 30 = 5, and 99 =
20 uM for trans-2-nonenal, trans-2-octenal, and trans-2-hexenal, respectively. The results are mean + S.E. for five separate experiments.
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sis compared with HNE. To determine the extent to which
the various functional groups influence this apoptotic induc-
tion, a dose-response experiment was carried out using the
same compounds as in Fig. 1A, but with DNA fragmentation
as an index of apoptosis. As the HNE exposure was in-
creased, there was a progressive increase in apoptosis induc-
tion over the range of 25 to 75 uM (Fig. 3). trans-2-Nonenal
yields a dose-response relationship similar to that of HNE,
confirming the similar toxicity of these two 9-carbon, «,B-
unsaturated aldehydes, with only modest loss of apoptotic
efficacy in the absence of the hydroxyl group. Neither non-
anal nor nonenoic acid induced any apoptotic DNA fragmen-
tation within the concentration range tested (25-75 pM).
However, as shown in Fig. 1A, these concentrations may not
be toxic enough to induce significant amounts of apoptosis.
Indeed, cells treated with nonanal or nonenoic acid concen-
trations in the IC5, to ICg, range exhibited significant DNA
fragmentation (data not shown), indicating an apoptotic
mode of cell death with these compounds as well. The role of
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Fig. 2. Internucleosomal DNA fragmentation induced by HNE. RAW
264.7 cells were treated with increasing concentrations of HNE for 1 h in
serum-free medium and then medium was replaced with fresh complete
medium without HNE. Nine hours after removal of HNE, cells were
harvested and DNA was isolated, electrophoresed, and stained with
ethidium bromide as described under Materials and Methods.
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Fig. 3. Internucleosomal DNA fragmentation induced by 9-carbon ana-
logs of HNE. Cells were exposed for 1 h in serum-free medium containing
the indicated concentrations of one of the following compounds: nonenoic
acid (lacks the C1 aldehyde and hydroxyl), nonanal (lacks the C2=C3
double bond and hydroxyl), trans-2 nonenal (lacks the hydroxyl), or HNE.
Cells were harvested and DNA was isolated, electrophoresed, and stained
with ethidium bromide as described under Materials and Methods.

791

hydrophobicity in HNE-induced apoptosis was also examined
for a,B-unsaturated aldehydes of different chain lengths,
with DNA fragmentation as an endpoint. trans-2-Hexenal
yielded very little apoptosis induction in the concentration
range tested. Increasing the length of the chain by two car-
bons (trans-2-octenal) resulted in a significant increase in
DNA fragmentation, and addition of a ninth carbon (trans-
2-nonenal) further enhanced the apoptotic induction (Fig. 4).
These results parallel the growth inhibition data seen in Fig.
2B, with increased apoptotic induction in parallel with in-
creasing chain length in the order trans-2-hexenal < trans-
2-octenal < trans-2-nonenal.

The nonenoic acid used to examine the effect of loss of the
aldehyde group also lacked a 4-hydroxyl group; hence, it is
not strictly analogous to HNE as a monofunctionally modi-
fied congener. Consequently, the role of the aldehyde in the
toxicity of HNE was also examined by an indirect approach.
We have previously found that expression of an hALDH3
conferred strong protection against HNE toxicity when ex-
pressed via stable transfection in V79 hamster lung fibro-
blast cells (K. D. Bunting, R. L. Haynes, L. Szweda, W. G.
Jerome, and A. J. Townsend, unpublished results). We also
showed that crude cytosol from these cells supported oxida-
tion of NAD+ with HNE as substrate and that purified
hALDHS3 catalyzed a facile and essentially complete NAD-
dependent oxidation of HNE to 4-hydroxynonenoic acid, as
verifed by mass spectrometry (K. D. Bunting, R. L. Haynes,
L. Szweda, W. G. Jerome, and A. J. Townsend, unpublished
results). The same expression vector was used to express
hALDHS3 by stable transfection in RAW 264.7 cells, as shown
in Fig. 5, by comparison of the clone hALDH3-109 to the
empty vector-transfected control ApCEP4A-16. Activity as-
says yielded an ALDH activity of 100 *+ 4 mU/mg in clone 109
compared with undetectable activity in the control line.
When control and hALDH3-transfected cells were exposed to
HNE, expression of hALDH3 protected against apoptosis
induction throughout the concentration range tested (Fig.
6A). The protection provided by hALDH3 expression was

t-2-hexenal  t-2-octenal t-2-nonenal
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Fig. 4. Internucleosomal DNA fragmentation induced by lipid aldehydes
of increasing chain length. Cells were exposed for 1 h in serum-free
medium containing the indicated concentrations of one of the following
lipid aldehydes: trans-2-hexenal (six carbons), trans-2-octenal (eight car-
bons), or trans-2-nonenal (nine carbons). Cells were harvested 9 h after
removal of HNE and DNA was isolated, electrophoresed, and stained
with ethidium bromide as described under Materials and Methods.
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further characterized by measurement of HNE-protein ad-
ducts formed in each cell line. The HNE-protein adducts were
detected by Western blotting with an antibody specific for the
products of reactions between HNE and protein thiols, amino
groups, and histidine residues (Uchida et al., 1993). Figure
6B shows the dose-dependent nature of HNE-protein adduct
formation in the empty vector-transfected ApCEP4A-16 control
line. Cells overexpressing hALDH3 were essentially com-
pletely protected, as evidenced by extremely low levels of
adduct formation throughout the concentration range tested.
This protection is consistent with the demonstrated conver-
sion of HNE to the carboxylic acid congener by hALDHS, in
light of the earlier toxicity and apoptosis experiments that
indicated far less toxicity with nonenal than nonenoic acid in
the series of 9-carbon compounds tested.

Discussion

The chemical reactions with macromolecules such as pro-
tein and DNA that underlie the biological effects of many of
the major lipid peroxidation products have been well charac-

RAW 264.7
V79 l Empty hALDH3 I
hALDH3 vector clone

hALDH3

Fig. 5. Expression of hALDH3. Cytosolic protein (50 pg/lane) from control
RAW 264.7 cells transfected with a ApCEP4A control (empty) vector (lane
2) or cells transfected with a ApCEP4A vector containing human ALDH3
¢DNA (lane 3) was run on a 10% SDS-PAGE and transferred to nitrocel-
lulose and probed with 1:3000 dilution of tALDH antisera. Enzyme ac-
tivity was undetectable in control cells and 100 + 4 mU/mg in the ALDH3
expressing clonal line. A V79 cell line overexpressing hALDHS (Bunting
and Townsend, 1996) was used as a positive control (lane 1). The upper
band is a nonspecific cross-reacting protein present in RAW 264.7 cells.
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terized (Witz, 1989; Esterbauer et al., 1991; Esterbauer,
1993). The a,B-unsaturated aldehydes such as HNE react
with a range of macromolecules but to widely varying extents
depending on the reaction chemistry of the interacting func-
tional groups and microenvironmental factors (e.g., accessi-
bility, hydration, pH, proximity of other functional groups)
(Witz, 1989; Esterbauer et al., 1991). The B-carbon (C3) and
the carbonyl center (C1) readily undergo nucleophilic addi-
tion of thiols, and amino groups can also form adducts at the
C1 or C3 carbon atoms via Schiff base or Michael addition
reactions, respectively (Esterbauer et al., 1991; Witz, 1989).
The interaction of HNE with proteins is complex because of
the multiple reactive groups comprising the polar head of
HNE, which allows for crosslinks between functional groups
such as thiols, amino groups, and histidine residues. Struc-
ture-activity comparisons with compounds related to HNE
have been used previously to assess the contribution of indi-
vidual functional groups to the biological effects of HNE, with
somewhat variable results, depending on the toxic endpoint
examined (Hauptlorenz et al., 1985; Brambilla et al., 1986;
Kaneko et al., 1988). Our present studies have focused on the
structural contributions to induction of apoptosis compared
with the effects of these structural determinants on survival
and subsequent growth in a murine macrophage cell line.
The cytotoxicity assay demonstrated that substitution of a
carboxyl group for the aldehyde caused the greatest decrease
in toxicity among the structural analogs studied. This is
shown by the dramatic decrease in toxicity when cells are
exposed to nonenoic acid, which lacks the aldehyde yet re-
tains the double bond (ICs, of 1770 uM) compared with
trans-2-nonenal (IC;, of 24 uM). Consistent with this obser-
vation, no apoptosis (as evidenced by DNA fragmentation)
was induced by nonenoic acid up to 75 uM, which resulted in
more than 90% apoptotic cells with HNE or ¢rans-2-nonenal.
Although a significant fraction of cells became apoptotic at
millimolar concentrations near the IC;, value (data not
shown), this could have been caused by nonspecific deter-
gent-like effects of nonenocic acid on the integrity of the
plasma membrane. Alternatively, the RAW 264.7 cell line

Empty Vector hALDH3
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Fig. 6. A, ALDH protection against HNE-induced DNA fragmentation. Control empty vector-transfected RAW 264.7 cells or cells overexpressing
hALDHS were exposed to increasing concentrations of HNE for 1 h in serum-free medium. Cells were harvested 9 h after removal of HNE, and DNA
was isolated, electrophoresed, and stained with ethidium bromide as described under Materials and Methods. B, ALDH protection against HNE-
induced protein adduct formation. Control empty vector-transfected RAW 264.7 cells or cells overexpressing hALDH3 were exposed to increasing
concentrations of HNE for 1 h in serum-free medium. Cells were lysed and cytosolic protein (50 pg/lane) was electrophoresed on a 10% SDS-PAGE
and transferred to nitrocellulose. Protein adducts were probed using an antibody specific for HNE adducts, diluted 1:2500, as described under

Materials and Methods.
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may have a propensity toward the apoptotic mode of cell
death. However, induction of apoptosis by HNE also occurs in
several other cell types, including alveolar macrophages (Li
et al., 1996), neuronal cells (Kruman et al., 1997), and endo-
thelial cells (Herbst et al., 1999), suggesting that a specific
mechanism of apoptosis induction may be activated.

Two potentially interrelated factors could explain the ma-
jor loss of potency in the absence of the aldehyde. First, a
common effect of exposure of cells to HNE is facile alkylation
of protein thiols and also nonprotein thiols such as glutathi-
one (Cadenas et al., 1983; Witz, 1989; Esterbauer et al.,
1991). In the Michael addition reaction, the electron-with-
drawing effect of the adjacent aldehyde facilitates the addi-
tion of a nucleophilic thiol or amino group across the C2=C3
double bond. Substitution of the more electron-rich carboxyl
for the Cl-aldehyde greatly reduces the reactivity of the
double bond, resulting in decreased Michael addition reac-
tion. Second, the reduced toxicity may in part reflect loss of
the ability to form crosslinks, because the aldehyde is no
longer available as a second site of adduction, leaving only
the greatly weakened addition site at the double bond re-
maining. In the case of HNE, loss of the C1 aldehyde also
prevents the intramolecular cyclization that can occur be-
tween the Cl carbon and the C4 hydroxyl after Michael
addition of a thiol. This structure probably stabilizes the
thioether linkage of the adduct.

The importance of the C2=C3 double bond was illustrated
by exposure to nonanal, a 9-carbon alkyl analog that retains
the aldehyde but lacks the double bond and C4 hydroxyl. The
toxicity (ICs, of 308 uM) with the aldehyde alone was inter-
mediate between trans-2-nonenal (IC5, of 24 pM) and non-
enoic acid (IC, of 1770 uM). Thus, although the loss of the
aldehyde in nonenoic acid resulted in a 74-fold decrease in
toxicity compared with trans-2-nonenal, the lack of a double
bond in nonanal decreased toxicity by 13-fold relative to
trans-2-nonenal. Again, similar results were observed for
induction of apoptosis, with no internucleosomal DNA frag-
mentation at concentrations up to 75 uM nonanal or non-
enoic acid but significant apoptosis in the IC4, range (data
not shown). The loss of the double bond prevents Michael
additions at the C3 position and also removes its potentiation
of the reactivity of the aldehyde. Saturated aldehydes can
interact with proteins to form Schiff base adducts, but these
reactions occur more slowly and are more readily reversible
than the Michael additions, hence the intermediate toxicity
of nonanal. The results with nonenoic acid, trans-2-nonenal,
and nonanal indicated that both the aldehyde and the
C2=C3 double bond are essential for the full toxicity of HNE
and induction of apoptosis and also that their effects are
additive and mutually interactive.

A third reactive group, the 4-hydroxyl, apparently contrib-
utes somewhat less to the toxicity of HNE, as evidenced by
the 2.7-fold decrease in the toxicity of ¢rans-2-nonenal com-
pared with HNE (ICy, of 24 uM versus 9 uM for HNE) and
the parallel difference for induction of apoptotic DNA frag-
mentation for these two analogs. Previously published re-
sults showed only a slight difference for inhibition of human
umbilical vein endothelial cell growth by trans-2-nonenal
and HNE (Kaneko et al., 1988), and about 2-fold greater
toxicity of HNE when survival of human diploid fibroblasts
was the measured toxicity endpoint (Kaneko et al., 1987). In
the mechanism of the HNE reaction with thiols, the 4-hy-

droxyl group contributes to the reactivity of the Michael
addition site by acting as an electron-withdrawing group to
increase the reactivity of the double bond for Michael addi-
tions at C3. Secondly, it may stabilize the resulting adduct by
participating in an intramolecular cyclization with the alde-
hyde to yield a cyclic hemiacetal product that is in tautomeric
equilibrium with the open chain aldehyde. With trans-2-
nonenal, the final product is a linear adduct at the C3 posi-
tion; this may be less stable and more readily reversible (and
therefore less toxic) than HNE. The effect of the 4-hydroxyl
on the toxicity of the saturated 4-hydroxynonanal could not
be evaluated because of cyclization of the chemically synthe-
sized compound, but it would be expected to have minimal
effect anyway, because there is no adjacent double bond to be
influenced by its electron-withdrawing effect, and the alde-
hyde is separated by two saturated carbon atoms.

The importance of the length of the alkenyl chain was
apparent from the decreasing ICs, values in the toxicity
assay as the length increased from six to nine carbons, and
the parallel effects on induction of apoptosis. Hydrophobicity
constants for each of the lipid aldehydes used in this study
are 0.85 for trans-2-hexenal, 1.89 for trans-2 octenal, 2.30 for
trans-2-nonenal, and 1.01 for HNE (Bounds and Winston,
1991). Thus, although the alkenals are progressively corre-
lated with hydrophobicity, the lack of correlation with HNE
indicates that this factor contributes to rather than causes
toxicity.

The observation that more than 90% of cells treated with
75 uM HNE ultimately undergo apoptosis is consistent with
the parallel results of the cytotoxicity and apoptosis studies,
with entirely analogous structure-activity relationships for
the potency of the apoptotic induction. The concentration of
HNE required to induce apoptosis was severalfold higher
than the ICj, for the survival and growth assay, most likely
because of a difference in the exposure conditions. The cells
were at a higher density for the apoptosis experiments, a
variable that is known to affect the absolute toxicity of o,B-
unsaturated aldehydes (Esterbauer et al., 1991; Norton et al.,
1997). Another factor is that the cells were already attached
in a monolayer for the apoptosis assay, with less surface area
available and the potentially protective advantage of cell-cell
interactions, whereas the exposure for the cytotoxicity assay
was in suspension. Measured overall concentrations of HNE
in cell cytosol of nonstressed cells or tissues are typically in
the low micromolar range (Esterbauer et al., 1991). However,
significantly higher concentrations were found in human
monocytes, which generate large amounts of reactive oxygen
species, and it is has been estimated that localized HNE
concentrations can increase to as high as 4.5 mM within
peroxidizing membrane bilayers (Esterbauer et al., 1991).
Thus, mitochondrial membranes may accumulate high HNE
concentrations because of the nearness of reactive oxygen
species released during normal oxidative energy metabolism.
During oxidant stress, key mitochondrial proteins such as
cytochrome ¢ oxidase and the adenine nucleotide transporter
have been shown to be alkylated by HNE to a greater extent
(Chen et al., 1995, 1998). Changes in mitochondrial function
have also been associated with exposure to lipid peroxida-
tion products, including HNE, in mitochondria (Richter
and Meier, 1990; Ullrich et al., 1996; Keller et al., 1997,
Humphries et al., 1998), and HNE has been shown to induce
the mitochondrial permeability transition that is believed to
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be an irreversible event in the induction of apoptosis (Kristal
et al., 1996; Marchetti et al., 1996a,b).

Exposures to the toxic compounds used in this study were
via addition to the extracellular medium; thus, it was of
interest to verify that the aldehyde group exerted its toxicity
intracellularly, rather than at the plasma membrane. Stable
expression of hALDH3, an HNE oxidizing enzyme, via trans-
fection into RAW 264.7 cells completely protected the cells
from apoptotic induction to at least 70 uM HNE, compared
with the nonexpressing control cells. This confirms the idea
that the principal targets for the toxic effects are intracellu-
lar, because ALDH-3 is cytosolic and would not be expected to
protect surface membrane components or functions from ex-
tracellular HNE. Analysis of HNE-protein adduct formation
showed potent protection against protein damage by
hALDHS3 expression, presumably because of oxidation of the
aldehyde to the far less reactive carboxylic acid. This obser-
vation suggests that protein modification likely plays a direct
causative role as a trigger mechanism for the apoptotic in-
duction. Modification of key thiol groups in mitochondrial
proteins, such as the permeability transition pore, has been
proposed as a trigger mechanism that initiates the role of
this organelle in apoptosis (Petronilli et al., 1994; Costantini
et al., 1996; Zamzami et al,, 1998). Studies are currently in
progress to investigate the role of acute damage to mitochon-
dria in the mechanism of HNE induction of apoptosis.
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Abstract

Toxic medium chain length alkanals, alkenals, and 4-hydroxyalkenals that are generated
during lipid peroxidation are potential substrates for aldehyde dehydrogenase (ALDH)
isoforms. We have developed transgenic cell lines to examine the potential for either human
ALDHIAI or ALDH3AI to protect against damage mediated by these toxic aldehydes.
Using crude cytosols from stably transfected cell lines, these aldehydes were confirmed to be
excellent substrates for ALDH3A1, but were poorly oxidized by ALDH1A1. Expression of
ALDH3AL1 by stable transfection in V79 cells conferred a high level of protection against
growth inhibition by the medium-chain length aldehyde substrates with highest substrate
activity, including hexanal, trans-2-hexenal, trans-2-octenal, trans-2-nonenal, and 4-hydroxy-
2-nonenal (HNE). This was reflected in a parallel ability of ALDH3A1 to prevent depletion
of glutathione by these aldehydes. Expression of hALDH3 completely blocked the potent

Abbreviations: ALDH, aldehyde dehydrogenase; DMEM, dulbecco’s modified minimum essential
medium; DTNB, 5's'-dithio-bis-(2-nitrobenzoic acid); GSH, reduced glutathione; GST, glutathione
S-transferase; HA, hexanal; HNE, 4-hydroxy-2-nonenal; LPO, lipid peroxidation; MDA, malondialde-
hyde; PBS, phosphate-buffered saline; t2HE, trans-2-hexenal; t20E, trans-2-octenal; £2NE, trans—2-
nonenal; TCA, trichloroacetic acid.
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induction of apoptosis by HNE in both V79 cells and in a RAW 264.7 murine macrophage
cell line, consistent with the observed total prevention of HNE-protein adduct formation.
Structure—activity studies indicated that the rank order of potency for the contributions of
HNE functional groups to toxicity was aldehyde > C2 = C3 double bond > > C4-hydroxyl
group. Oxidation of the aldehyde moiety of HNE to a carboxyl by ALDH3A1 expressed in
stably transfected cell lines drastically reduced its potency for growth inhibition and
apoptosis induction. In contrast, ALDHIAI expression provided only moderate protection
against trans-2-nonenal (t2NE), and none against the other six—nine carbon aldehydes.
Neither ALDH1A1 nor ALDH3A1 conferred any protection against acrolein, acetaldehyde,
or chloroacetaldehyde. A small degree of protection against malondialdehyde was afforded
by ALDHIAL, but not ALDH3A1. Paradoxically, cells expressing ALDH3A1 were 1.5-fold
more sensitive to benzaldehyde toxicity than control V79 cells. These studics demonstrate
that expression of class 3 ALDH, but not class | ALDH, can be an important determinant
of cellular resistance to toxicity mediated by aldehydes of intermediate chain length that are
produced during lipid peroxidation. © 2000 Elsevier Science Ireland Ltd. All rights reserved.

Keywords; Human ALDH3; Hydroxyalkenals; Lipid aldehydes; Detoxification; Chemoprevention

1. Introduction

Free radical attack on polyunsaturated fatty acids can initiate lipid peroxidation
(LPO) chain reactions that result in the generation of highly reactive radical
intermediates, which in turn can give rise to potentially toxic cleavage products
including alkanes, alkenes, aldehydes, ketones, and hydroxy-acids [1-4]. Aldehydes
comprise a major portion of the carbonyl products. The most common aldehyde
formed is malondialdehyde (MDA) which typically comprises 70% of the total
aldehydes produced [1]. The major saturated alkyl aldehyde formed is hexanal (HA)
[5] (15% of total aldehydes), and the most cytotoxic aldehyde generated is 4-hy-
droxy-2-nonenal (HNE; 5% of total aldehydes) [1,5,6] The reactivity of lipid
aldehydes increases in the following order: alkanals < alkenals < 4-hydroxyalkenals
[1,5]. Alkanals are least reactive and have weaker effects on growth inhibition than
unsaturated aldehydes. Alkenals are typically an order of magnitude more reactive
than the alkanals, but are produced at lower levels; hence it has been suggested that
the overall toxic effects of the alkanals and alkenals may be similar [7]. 4-hydroxy-
2-alkenals are the most reactive lipid aldehydes characterized and are highly
cytotoxic at low pM concentrations due to the synergistic interaction between the
electrophilic double bond, the hydroxyl group, and the aldehyde moiety [8,9]. In
particular, the reactivity of the o,p-unsaturated bond for Michael addition reac-
tions, such as thiol addition at C3, is strongly enhanced by the proximity of the
electron-withdrawing C4-OH and Cl-carbonyl groups.

Aldehydes such as hexanal (HA), trans-2-octenal (t20E), trans-2-nonenal
(t2NE), and malondialdehyde (MDA) have been shown to be oxidized by either
class 1 or class 3 ALDH [5,10] in vitro, but it was not known whether this could
protect against the toxic effects of these aldehydes in living cells. Stably transfected
V79 cell lines previously developed in this laboratory that express either human
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class 1 or class 3 ALDH [11,12] were utilized to examine whether ALDH expression
is sufficient to confer resistance to specific toxic aldehydes. This transgenic model
system facilitated comparison of cells that differ only in expression of ALDH
isozymes, or lack thereof in the empty vector-transfected control line.

Acrolein is a short (3-carbon) a,B-unsaturated aldehyde that is a ubiquitous
evironmental contaminant generated during oxidation of wood, tobacco, hydrocar-
bons, fats, etc. and also formed endogenously via metabolism of spermine and the
important anticancer drug cyclophosphamide [13,14]. We have shown that acrolein
can enhance cyclophosphamide toxicity in part via rapid depletion of GSH pools,
and can also partially reverse the cellular resistance to this class of drugs that is due
to expression of ALDHIALI or ALDH3A1 [15). In the course of these studies, we
found that acrolein is a substrate of ALDH3A1 (but not ALDHIAL), with minimal
substrate inhibition in the presence of physiological levels of the NAD* cofactor;
in contrast, the GSH or MESNA conjugates of acrolein were oxidized by
ALDHIAL1 (but not by ALDH3AI) [15]. This observation led to the question of
whether either ALDH would protect against the cytotoxic effects of acrolein. In
addition, we have tested for the possibility of protection by ALDH against
chloroacetaldehyde, another metabolic by-product of cyclophosphamide and ifos-
famide. Last, the common and rapidly oxidized ALDH3A1 substrate benzaldehyde
was also tested.

The results presented herein support a protective physiological role for human
ALDH3Al as a detoxifying enzyme that oxidizes medium chain-length lipid
aldehydes (but not acrolein or chloroacetaldehyde). However, class 1 ALDH was
found to have a very limited ability to protect from any of the lipid aldehydes
tested. Detoxification of these aldehydes by class 3 ALDH has thus been shown in
these studies to protect cells from a variety of effects including GSH depletion,
protein alkylation, growth inhibition, cytotoxicity, and apoptosis.

2. Materials and methods
2.1. Materials

Trans-2-hexenal, trans-2-octenal, trans-2-nonenal, n-hexanal, acrolein, ally-
lamine, acetaldehyde, chloroacetaldehyde, and benzaldehyde were obtained from
Sigma or Aldrich Chemical Co. Malondialdehyde was prepared by acid hydrolysis
of malondialdehyde bis(diethyl acetal) (Sigma) as previously described [16]. HNE
was a gift of Dr Maryanne Hayn (University of Graz, Austria).

2.2. Cell lines and culture

Cells were grown in DMEM medium with 10% fetal bovine serum (GIBCO) at
37°C in a 5% CO, atmosphere. Chinese hamster lung fibroblast cells (V79)
expressing rat cytochrome P450 2Bl (VI9MZr2B1) were previously stably trans-
fected with human ALDH expression vectors [11,12], and clones hALDH1-28
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(expressing hALDH-1) and hALDH3-26 (expressing hALDH-3) were compared
with the empty vector-transfected clone (Hyg-1) in these experiments. Similarly,
analogous cell lines that stably express ALDH3A1, and an empty vector-trans-
fected, non-expressing control line were established by stable transfection of the
RAW 264.7 murine macrophage cell line [17].

2.3. ALDH activity analysis

Cells were lysed by brief sonication at 4°C in 50 mM Tris—HCI, pH 7.4, with 5
mM EDTA, lysates were centrifuged at 14 000g for 5 min at 4°C, and the
supernatants were utilized for determining enzyme activity. Protein was determined
by the bicinchoninic acid method (Pierce Chemical Co.). Enzyme activity was
determined as previously described [12,18].

2.4. Growth inhibition analysis

Cells were plated (5 x 10%/25 cm? flask) 24 h prior to aldehyde treatment in 10
mM HEPES-buffered DMEM plus 5% fetal bovine serum. The following day
aldehyde stocks were diluted into 5 ml of medium and the flasks tightly capped and
returned to the incubator for 48 h. In the case of acrolein and allylamine, the
exposure period was 20 min in serum-free medium, to avoid complications due to
the reaction of acrolein with serum proteins, and to favor activation of allylamine
to acrolein by intracellular amine oxidases, rather than by extracellular amine
oxidases present in serum [19]. The ICs, for growth inhibition was the concentra-
tion of aldehyde that reduced the increase in cell number by 50% after 48 h of
growth.

2.5. Glutathione depletion assay

GSH was assayed by the GSSG-reductase/DTNB recycling method [20]. Samples
of 3 x 106 cells were treated with lipid aldehydes in 100 mm? dishes for 30 min at
37°C in serum-free medium, lysed in 2% sulfosalicylic acid on ice for 5 min, and
centrifuged 12 000g, 10 min at 4°C. Aliquots of the supernatant were assayed for
total GSH + GSSG relative to a GSH standard curve.

2.6. Apoptosis assay

Cells were plated at 2 x 10° cells per 60 mm dish. After 16-20 h cells were rinsed
and treated with agents in serum-free DMEM. After a 1 h exposure, medium was
removed and replaced with DMEM + 10% fetal bovine serum. Cells were allowed
to incubate for an additional 9 h at which time they were harvested in PBS and the
DNA purified and analyzed for internucleosomal fragmentation by agarose gel
electrophoresis as described [17].
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2.7. HNE protein adduct detection

Control or ALDH-transfected V79 cells were plated at 2.5 x 10 cells/60mm dish
and 16-20 h later cells were exposed to HNE for 1 h in serum-free medium. FBS
was added to 10% at 1 h and cells were allowed to incubate for an additional hour.
Cells were harvested and cytosolic protein (14 000 x g supernatant, 50 pg/lane) was
electrophoresed, transferred by semi-dry electroblotting to nitrocellulose, probed
using an anti-HNE/protein adduct antibody [21} and detected by chemilumines-
cence [17]. The scanned film was analyzed using NIH image, and areas under the
plots of grayscale intensity were used as arbitrary units to estimate relative protein
adduct formation detected in each lane.

3. Results
3.1. Protection against toxicity of medium-chain aliphatic aldehydes

Assays utilizing cytosol from the hALDH3-26 and hALDHI1-28 cell lines,
expressing high ALDH3A1 and ALDHIAL respectively, indicated that the six- to
nine-carbon aldehydes were excellent substrates for ALDH3A1, with specific activ-
ities ranging from 2000 to 8300 nmol/min/mg, but weak substrates for ALDHI1ALI
(all were around 7 nmol/min/mg). However, MDA was a rather poor substrate for
both ALDH isozymes (12 and 6 nmol/min/mg, respectively). The growth inhibition
assays (Fig. 1) demonstrated that ALDH3AL1 conferred nine-fold protection against
the toxicity of the saturated aldehyde hexanal, and 21-fold against toxicity of the
o,B-unsaturated aldehyde trans-2-hexenal (t2HE) (Fig. 1A and B). Protection by
ALDH3A! against t20E was 28-fold, while it reduced t2NE toxicity by 18-fold
(Fig. 1C and D). Expression of ALDHIAL1 conferred two-fold protection against
t2HE, and five-fold protection against t2NE (Fig. 1B and D). The ALDHIALI gave
better protection (two-fold) only against MDA, against which ALDH3A1 was
completely ineffective (Fig. 2). The fold-resistance to toxicity conferred by
ALDH3A1 was relatively well-correlated with the substrate efficacy of these
aldehydes, with a correlation coefficient of 0.8 (Fig. 3). Analysis of glutathione
pools in cells exposed to t20E and t2NE indicated that only ALDH3A1 expression
protected against exhaustion of this critical antioxidant buffer system, which is
known to be depleted by the o,B-unsaturated aldehydes in particular [9]. At
concentrations of t20E or t2NE that acutely depleted GSH more than 90% in the
control Hyg-1 cells, hALDH3-26 cells exhibited only 20-30% GSH depletion, while
the hALDH1-28 cells were depleted to the same degree as the control Hyg-1 cell
line (data not shown).

3.2. Protection by ALDH3A1 against toxicity, protein alkylation, and apoptosis
induced by HNE

The contributions of the component functional groups of HNE to potency of
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induction of growth inhibition and apoptosis were determined in a structure—activ-
ity study [17]. The rank order of effects on toxicity to RAW 264.7 murine
macrophage cells was Cl-aldehyde > C2=C3 double bond > > C4-hydroxyl,
with similar results in both the growth inhibition and apoptosis assays. Comparison
of the closely related congener trans—2-nonenal to 2-nonenoic acid indicated ICsp
values in the growth inhibition assay of 24+ 4.3 pM and 1770 + 342 pM respec-
tively, or a 74-fold decrease in toxicity due to oxidation of the o, B-unsaturated
aldehyde ([17]; not shown). Similarly, studies comparing non-expressing control
V79 cells to the transfectant line expressing ALDH3A1 (which oxidizes HNE to
4-hydroxynonenoic acid) [17] showed 21-fold resistance to HNE toxicity in the
hALDH3-26 cell line (not shown). Western blot analysis of HNE-protein covalent
adducts indicated complete prevention of adducts by ALDH3A1, while expression
of ALDHIA1 only raised the threshold by preventing adducts at low HNE
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Fig. 1. Sensitivity of ALDH-transfected V79 cell lines to growth inhibition by medium-chain lipid
aldehydes. Cells (5 % 10%) were treated with aldehydes as indicated for 48 h, then counted as described
in Section 2.4. Results are expressed as the percent of the growth over 48 h in each cell line treated with
vehicle only. Each panel represents the average of two or more experiments.
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Fig. 2. Sensitivity of ALDH-transfected V79 cell lines to growth inhibition by malondialdehyde. Cells
were plated and treated with malondialdehyde as described in Fig. 1, harvested, and counted as
described in Section 2.4. Results represent the average of two or more experiments.

concentrations (Fig. 4). Similar results were obtained in the RAW 264.7 cells
expressing ALDH3AL1; furthermore, the HNE-induced apoptosis was completely
prevented in the ALDH3A 1-transfected RAW264.7 line up to 70 uM HNE [17]

(not shown).
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Fig. 3. Correlation between specific activity with ALDH3A1 and resistance to toxicity for a range of
aliphatic aldehydes. The specific activity was determined for each substrate with cytosolic protein from
V79 cells expressing ALDH3A1, and the result plotted against the fold-resistance to the toxicity of each
(ICs, of the RALDH3-expressing line divided by the ICy, of the non-expressing line). The best-fit line
was determined and correlation coefficient calculated by the method of least squares.
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Fig. 4. Prevention of protein adducts formed in cells treated with 4-hydroxy-2-nonenal by ALDH3AI
expression. Cells were plated at 2.5 x 10% cells/60mm dish and exposed to HNE for I h in serum-free
medium, then processed and protein adducts detected by immunoblot analysis using antisera directed
against HNE adducts, and the blot was analyzed by densitometry as described in Section 2.7 and Ref.
{17). The baseline-corrected total area under the plot of grayscale density for each entire lane was plotted
as total adducts formed (arbitrary units) at each concentration of HNE.

3.3. Lack of protection by ALDH against acrolein, chloroacetaldehyde, or
benzaldehyde

The generation of acrolein and chloroacetaldehyde during metabolism of cy-
clophosphamide, together with our previously published evidence that low concen-
trations of acrolein increased the drug sensitivity of both control and
ALDH-expressing cell lines [15], suggested the possibility that ALDH expression
might directly protect against acrolein toxicity. Acrolein is oxidized by ALDH3AL1,
while its GSH conjugate is oxidized by ALDH1Al [15,22). However, expression of
either of these isozymes failed to confer any resistance to acrolein (Fig. 5A).
Because acrolein is so reactive, we reasoned that it may preferentially damage
membrane proteins to a lethal extent before a major portion can be detoxified by
ALDH in the cytosolic compartment. We therefore repeated the experiments with
allylamine, a compound that is converted to acrolein by intracellular amine oxidase
activity [18). The ICs, values were increased ten-fold for all cell lines, presumably
due to the requirement for metabolic activation; however, there was no protection
by either ALDH isozyme against allylamine (Fig. 5B). Similarly, both ALDH
isozymes failed to confer resistance to either chloroacetaldehyde or the ethanol
metabolite acetaldehyde with either long (24 h; Fig. 6) or short exposures (20 min;
not shown). The failure of ALDHIAL to protect against the weakly toxic substrate
acetaldehyde, even at high concentrations required to kill the cells that are in the
catalytic range of this enzyme, might be attributable to the low turnover of this




A.J. Townsend et al. / Chemico-Biological Interactions 000 (2000) 000~000 9

substrate. We therefore tested whether ALDH3A1 would protect against benzalde-
hyde, a substrate that is also weakly toxic but has a much higher turnover rate.
Surprisingly, while expression of ALDHIAI had no effect on sensitivity, the
expression of ALDH3A1 resulted in approximately two-fold sensitization to the
growth inhibitory effects of benzaldehyde (Fig. 7).

4. Discussion

Expression of class 3 aldehyde dehydrogenase activity has been proposed as a
defensive mechanism against toxic lipid aldehydes generated during LPO [10].
Consistent with this view, the results of these growth inhibition studies demon-
strated that ALDH3AI1 protected well against the growth-inhibitory effects of
medium chain-length aliphatic aldehydes produced during LPO. Comparison of the
relative protection against hexanal versus trans-2-hexenal (Fig. 1 A and B), and
nonanal versus trans-2-nonenal [17] clearly indicated that protection was more
efficacious against the «,B-unsaturated aldehydes. This is not surprising, considering
that the latter have two reactive sites, the aldehyde and the Michael addition site at
C3, that interact in a synergistic fashion due to mutual enhancement of reactivity
between the carbonyl and the double bond. This was confirmed by the 14-fold
greater toxicity of trans—2-nonenal than the saturated analog nonanal, and 74-fold
greater toxicity than 2-nonenoic acid, which lacks the aldehyde [17]. A portion of
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Fig. 5. Sensitivity of ALDH-transfected V79 cell lines to growth inhibition by acrolein or allylamine.
Cells (5 x 10*) were treated with aldehydes as indicated for 20 min, then grown for 48 h and counted as
described in Section 2.4. Results are expressed as the percent of the growth in each cell line treated with
vehicle only. Results with allylamine are the average of three experiments; results with acrolein are from
a single experiment (similar results with 24 h exposures).
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Fig. 6. Sensitivity of ALDH-transfected V79 cell lines to growth inhibition by chloroacetaldehyde or
acetaldehyde. Cells (5 x 10%) were treated with aldehydes as indicated for 48 h and counted as described
in Section 2.4. Results are expressed as the percent of the growth in each cell line treated with vehicle
only. Results are the average of two experiments.

the protection against aliphatic aldehyde toxicity may be attributable to the partial
reversal by ALDH3A1 of their ability to deplete GSH. We also found that
ALDH3A1, but not ALDHIAI1 reversed the DNA synthesis inhibition by these
same aldehydes (not shown).

Although MDA is a far more abundant aldehyde product of LPO, it was ten-fold
less potent than HNE in its growth inhibitory effects. We found only weak
protection against MDA toxicity by ALDHIAL1, and none by ALDH3A1. Con-
versely, however, potent protection was observed against HNE toxicity, protein
adduct formation, inhibition of macromolecular synthesis (not shown) and induc-
tion of apoptosis in both V79 and RAW 264.7 cells expressing ALDH3A1, while
only slight protection was conferred by ALDHI1AL1 expression. A fundamental
mechanism of protection against HNE toxicity and apoptosis appears to be the
complete prevention by ALDH3AI expression of the extensive protein adduct
formation observed when control cells were exposed to HNE [17].

The failure of either ALDH3A1 or ALDHI1A1 to protect against the toxicity of
acrolein may be due to several factors. We have previously shown that ALDH3AI
is at least partially protected from irreversible inhibition by acrolein in the presence
of NAD* at concentrations present in cells [15]. We tested allylamine, which is
activated by intracellular amine oxidases, to test the possibility that acrolein is so
reactive that it kills cells by becoming covalently bound primarily to surface
proteins, which cannot be prevented by detoxification mechanisms in the cytosol.
However, although the ICs, was ten-fold higher due to the activation step, again
there was no protection by either ALDH. Thus the most straightforward explana-
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tion is simply inadequate activities for oxidation of the aldehyde group of acrolein
or its GSH conjugate by ALDH3A1 or ALDHIALI, respectively [15].

There was also no protection by either ALDH against chloroacetaldehyde, a
byproduct of metabolic activation of cyclophosphamide and ifosfamide, and a
putative cause of their neurotoxic side effects. Acetaldehyde was also tested, since
it is much less reactive and far less toxic, and hence has an ICs, that is in the
catalytic range of ALDHI1AL; however, it was also equally toxic to all cell lines
regardless of whether ALDH was expressed. Since the failure to protect against any
of these small aldehyde substrates could potentially be due simply to catalytic
inefficiency, we also examined efficacy against growth inhibition by benzaldehyde,
which is an excellent substrate for ALDH3A1 in the millimolar range, where
toxicity also occurs. Surprisingly, the cells expressing ALDH3AL were slightly
(two-fold) more sensitive than either the control line or the ALDHI1AI expressing
line, which had identical sensitivities. The substrate efficacy of benzaldehyde might
cause a major shift in the stoichiometry of the NAD*/NADH redox couple
(normally > 50:1) such that the intracellular redox potential is excessively reducing,
rather than oxidizing as in unstressed cells. Another possible explanation could be
that the oxidized product of ALDH3A1 catalysis, benzoic acid, which is ionized at
physiological pH, may be poorly transported out of cells and may accumulate to
toxic levels during the exposure period. Cytotoxicity of accumulated GSH conju-
gates has been proposed as partial explanation for the requirement that a conjugate
efflux mechanism be present in order to enable full protection against certain agents
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Fig. 7. Sensitivity of ALDH-transfected V79 cell lines to growth inhibition by benzaldehyde. Cells
(5 x 10%) were treated with benzaldehyde as indicated for 48 h and counted as described in Section 2.4.
Results are expressed as the percent of the growth in each cell line treated with vehicle only. Results are
the average of three or more experiments.
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that are substrates for glutathione S-transferases (GSTs), e.g. 4-nitroquinoline-1-
oxide and 4-Cl-2,4-dinitrobenzene [23,24]. Indeed, we have also observed that
expression in V79 cells of mGSTA4, by far the most active murine GST isozyme for
conjugation of HNE, not only fails to protect against cytotoxicity, in fact it actually
renders cells slightly more sensitive to HNE (R. Haynes and A. Townsend,
unpublished results). The possibility remains, however, that co-expression of GST
and an energy-dependent conjugate efflux transporter in the multidrug resistance
protein family (e.g. MRP1 or MRP2) may confer HNE resistance.

In summary, we have shown that ALDH3A1, but not ALDHIA1, can confer
strong resistance to the protein damage, GSH depletion, macromolecular synthesis
inhibition, growth inhibition, and apoptosis induced by aldehydes produced during
lipid peroxidation. The potential protective functions of other isozymes in the
expanding family of ALDH genes, their transcriptional regulation, and the impact
on ALDH protective efficacy of ancillary cellular factors such as thiol content,
regulation of redox homeostasis, product transport, and regulation of apoptotic
signalling pathways will be important to investigate as well.
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Abstract—The toxic reactive aldehyde lipid peroxidation byproduct 4-hydroxy-2-nonenal (HNE) is thought to be a
major contributor to oxidant stress-mediated cell injury. HNE induced apoptosis in RAW 264.7 murine macrophage
cells in a dose-dependent manner within 68 h after exposure. Expression of the antiapoptotic protein Bcl-2 in stably
transfected RAW 264.7 cells prevented HNE-induced internucleosomal DNA fragmentation and apoptosis, and these
cells resume growth after a temporary (24—48 h) growth delay. While parental RAW 264.7 cells released mitochondrial
cytochrome ¢ within 3 h after HNE exposure, expression of Bcl-2 prevented cytochrome c release. In control cells, p53
protein levels peaked at 6-9 h after HNE exposure and then declined, while in Bcl-2 expressing cells, p53 levels were
maximal at 69 h and remained elevated up to 96 h. Expression of SV40 large T-antigen, which forms a stable complex
with p53 protein, via stable transfection-blocked transactivation of the p53-regulated gene p21WAFYC™®! byt did not
affect induction of apoptosis by HNE, suggesting that p53 function is not important in HNE-induced apoptosis. These
results suggest that cytochrome c release, but not p53 accumulation, plays an essential role in HNE-induced apoptosis
in RAW 264.7 cells. © 2001 Elsevier Science Inc.

Keywords—4-hydroxy-2-nonenal, Apoptosis, P53 tumor suppressor, Cytochrome ¢, Bcl-2, P21WAFICIPL gy 40
T-antigen, Lipid peroxidation, DNA fragmentation, Free radicals

INTRODUCTION interact with ROS and a radical-mediated chain reaction
occurs that weakens membrane integrity and produces a
series of toxic byproducts including radical species, alco-
hols, aldehydes, and lipid hydroperoxides. While some of
these species are highly reactive but short-lived, certain
lipid aldehyde products such as 4-hydroxy-2-nonenal
(HNE) remain stable in the lipid bilayer and subsequently
diffuse into the cytosol from the site of production in the
membrane. The strong reactivity of HNE derives from the
interaction of the electronegative 1-carbonyl and the 4-hy-
droxyl groups with the C2=C3 double bond, rendering this
electrophilic site highly susceptible to nucleophilic attack,
e.g., by thiolate anion in GSH or proteins [2]. It has been
estimated that localized HNE concentrations can increase to
as high as 4.5 mM within peroxidizing membrane bilayers
[1]. Thus, although other aldehydes are produced in higher

Oxidative stress, defined as cellular damage due to an
excess of pro-oxidant species relative to antioxidant de-
fensive capacity, involves the production of reactive
oxygen species (ROS) that can damage protein, DNA,
and membranes. For example, ROS can originate from
inflammatory processes, exposure to UV, oxidant-pro-
ducing chemicals, mitochondrial dysfunction, and gen-
eral oxidative metabolism in cells with low antioxidant
defenses. Potentially one of the most damaging effects of
ROS production is initiation of lipid peroxidation, a
radical-mediated chain reaction that occurs when ROS
oxidize cellular membrane lipids [1].

Polyunsaturated fatty acids such as arachidonic acid
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HNE is known to cause a number of deleterious
effects in cells including glutathione depletion [3], DNA
and RNA synthesis inhibition [4], calcium homeostasis
disturbances [5], and inhibition of mitochondrial respi-
ration [6]. In addition, HNE has been reported to activate
signaling via c-Jun N-terminal kinase, and to inhibit
other regulatory mechanisms such as NF-«B and the
proteasomal degradation pathway [7-9]. Recently HNE
has been shown to induce apoptosis in certain cell lines
[10,11]. We have characterized the structure-activity
relationships of HNE functional groups in regard to
apoptosis induction potency in RAW 264.7 cells [12].
Both oxidant stress-induced apoptosis and HNE-protein
adducts have been found in tissues in association with
ischemia-reperfusion injury, neurodegenerative disor-
ders, and autoimmune discases [13]. This suggests etio-
logic causality between induction of apoptosis by oxi-
dant stress-generated lipid peroxidation byproducts and
the pathological states in these and related disease pro-
cesses, and highlights the importance of understanding
the basic mechanisms involved in HNE-induced apopto-
sis. We have investigated the potential contributions to
HNE-induced apoptosis of two pathways frequently
linked to apoptotic signaling, the first mediated by tumor
suppressor protein p53 and the second involving the
release of the mitochondrial inner-membrane protein
cytochrome c.

The p53-mediated and mitochondria-mediated path-
ways are two key mechanisms involved in induction of
apoptosis, with apparent convergence in the late stages
due to recruitment of mitochondria involvement down-
stream of p53 signaling. Numerous studies have shown
participation of p53 in apoptotic responses to DNA dam-
age caused by UV exposure [14,15], gamma radiation
[16,17], chemical carcinogenesis, and chemotherapeutic
drugs [18,19]. Upon sensing DNA damage p53 becomes
phoshorylated by kinases, stabilizing and activating the
normally short-lived protein [20-22]. Stabilized p53
transactivates transcription of downstream effectors such
as p21WAFVCIPL BAX, and GADD45 [23-25]. These
molecules respond by affecting either cell cycle, apopto-
tic cell death, or DNA repair, respectively. After the
response is transduced, p53 is degraded through MDM2-
targeted ubiquitin-mediated proteolysis [26,27]. P53 can
be inhibited by interaction with molecules such as SV40
large T-antigen, which binds p53 and prevents down-
stream function [28,29].

Induction of apoptosis by the mitochondrial pathway
may result from depolarization of inner membrane ionic
potential (“permeability transition”) due to direct dam-
age or opening of a high-conductance pore as a result of
signal transduction as an early primary event [30,31].
Release of the electron transport protein cytochrome c,
presumably the result of mitochondrial swelling and

transient rupture of the outer membrane, initiates down-
stream cascades of caspase activation, DNA fragmenta-
tion, morphological changes, and finally vesicular parti-
tioning [32]. Antiapoptotic proteins such as Bcl-2 are
thought to act at the level of the mitochondria by inhib-
iting the release of cytochrome c, thus protecting the cell
from apoptosis [33]. The results presented herein indi-
cate that induction of apoptosis by HNE is correlated
with cytochrome c release that is blocked by Bcl-2, but
does not appear to be dependent on p53 function.

MATERIALS AND METHODS

Cell culture and reagents

Mouse alveolar macrophage RAW 264.7 cells were
grown at 37°C in a 5% CO2 atmosphere in DMEM
medium (Gibco; Grand Island, NY, USA) supplemented
with 10% fetal bovine serum (FBS). Derivation of the
Bcl-2-transfected RAW 264.7 cell line (clone 14) has
been previously described [34]. 4-Hydroxynonenal was
purchased from Cayman Chemical (Ann Arbor, MI,
USA). Proteinase K was purchased from Promega (Mad-
ison, WI, USA). Digitonin was purchased from Fluka
Chemical (Milwaukee, WI, USA). All other chemicals
were purchased from Sigma Chemical Co. (St. Louis,
MO, USA).

HNE protein adduct detection

Cells were plated at 2.5 X 10° cells/60 mm dish and
16-20 h later cells were exposed to agents for 1 h in
serum-free medium. FBS was added to 10% at 1 h and
cells were allowed to incubate for an additional hour.
Cells were harvested by scraping into cold phosphate-
buffered saline (PBS), centrifuged at 500 X g, and the
pellets lysed by brief sonication in 50 mM Tris, 5 mM
EDTA, and 1 mM PMSF. Lysates were centrifuged at
14,000 X g for 10 min at 4°C and protein (50 pg/lane)
was electrophoresed on a 10% SDS-PAGE gel and trans-
ferred to nitrocellulose. Adducts were detected using an
anti-HNE-protein adduct antibody [35] kindly provided
by Dr. Luke Szweda (Case Western Reserve University;
Cleveland, OH, USA) at a dilution of 1:2500. After
probing with goat anti-rabbit, horseradish peroxidase-
conjugated secondary antibody (Biorad; Hercules, CA,
USA) (1:3000), the HNE-modified protein was detected
using Renaissance chemiluminescence reagent (NEN
Life Science Products; Boston, MA, USA).

DNA fragmentation

Cells were plated at 7 X 10° cells per 100 mm culture
dish. After 1620 h, cells were rinsed and treated for 1 h
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in serum-free DMEM containing the indicated concen-
trations of HNE. After a 1 h exposure, medium was
removed and replaced with DMEM + 10% fetal bovine
serum. Cells were harvested at the indicated time by
gently scraping into cold PBS and collected by centrif-
ugation at 500 X g at 4°C for 5 min. One tenth of the
collected cells was used for DNA fragmentation while
the remaining cells were stored at —20°C for protein
analysis. Cells for fragmentation analysis were lysed in
20 mM EDTA, 100 mM Tris (pH 8.0), 0.8% sodium
lauryl sarcosine, and treated with RNase (0.5 mg/ml) for
2 h at 37°C. Lysates were then treated with proteinase K
(5 mg/ml) for 6-12 h at 55°C. DNA content was quan-
titated in each lysate sample by absorbance at 260 nm
and sample concentrations were adjusted and normalized
to DNA content. Samples were processed and analyzed
by electrophoresis on ethidium bromide stained 1.6%
agarose gel as previously described [12].

Cytochrome c release

Cytochrome c release was assayed as previously de-
scribed [36]. Briefly, cells were plated at 7 X 10° cells/
100 mm dish. After 16-20 h, cells were exposed to HNE
for 1 h in serum-free media. At the indicated times, cells
were harvested by scraping into cold PBS and collected
by centrifugation. Seventy percent of the cells were used
for cytochrome c release while the remaining 30% were
used for p53 stabilization studies. The cells for cyto-
chrome ¢ studies were resuspended in room temperature
PBS. An equal volume of 500 mM sucrose containing
150 uM digitonin was added and the cells were vortexed
for 10 s at low speed. After 30 s, cells were centrifuged
for 4 min at 13,000 X g at 4°C. The supernatant was
removed, supplemented with 1 mM PMSF, 0.5 pg/ml
leupeptin, and 0.7 pg/ml pepstatin, and frozen at —80°C
until all samples were collected.

For cytochrome ¢ detection, cytosolic protein (50 ug)
was electrophoresed on a 15% SDS-PAGE gel and trans-
ferred to nitocellulose by semidry electrophoresis. Cyto-
chrome ¢ was detected using an anti-cytochrome ¢
monoclonal antibody clone 7H8.2CI12 (PharMingen; San
Diego, CA, USA) at 1 pg/ml. After probing with a goat
anti-mouse, horseradish peroxidase-conjugated second-
ary antibody (Biorad) (1:3000 dilution in 1% nonfat
milk) labeled bands were detected using chemilumines-
cence (NEN Life Science Products).

Transfection of SV40 large T-antigen

The plasmid pSVT#3 [37] encoding simian virus
large T-antigen cDNA and a neomycin resistance gene
was kindly provided by Dr. Sumitra Deb (Medical Col-

lege of Virginia). This plasmid, or the control empty
vector, neomycin resistance plasmid pRc/CMV (Invitro-
gen; Carlsbad, CA, USA) were transfected separately
into RAW 264.7 parental cells with the cationic liposome
reagent Escort (Sigma Chemical Co.). Briefly, cells were
plated in 100 mm culture dishes and grown to 70—-80%
confluency. Escort (3050 ul) was incubated with DNA
(15-25 pg) in 800 wl of Opti-MEM transfection medium
(Gibco) for 15 min. Opti-MEM was added to Escort/
DNA mixture to a total volume of 8 ml. Cells were then
allowed to incubate in transfection medium for 6 h. An
equal volume of DMEM + 10% FBS was added and
cells were incubated overnight. Cells were selected for
neomycin resistance in selection media (DMEM/10%
FBS plus 1.0 mg/ml G418 [Gibco]). Isolated colonies
were expanded and screened for T-antigen protein ex-
pression using monoclonal antibody pAB 419 [38] (also
provided by Dr. Sumitra Deb).

Western blot analysis for p53 studies and TAg
overexpressing studies

Cells were plated at 7 X 10° cells/100 mm petri dish.
After exposure to HNE, cells were collected and lysed in
50 mM Tris (pH 8.0), 5 mM EDTA, 150 mM NaCl, 0.5%
NP40, 1 mM PMSF, 0.5 pg/ml leupeptin, and 0.7 pg/ml
pepstatin. Lysates were centrifuged at 13,000 X g for 5
min (4°C) and 100 pg of supernatant protein was run on
a 10% SDS-PAGE gel and transferred to nitrocellulose.
P53 was detected using hybridoma supernatant pAB 122
[39] at a dilution of 1:100. TAg was detected using
hydridoma supernatant pAB 419 at a dilution of 1:10.
p21WAFICIPT a5 detected using monoclonal antibody
anti- p21WAFYCIPL ¢lone SXM30 (PharMingen) at 1 pg/
ml. For final detection, all blots were incubated with goat
anti-mouse horseradish peroxidase-conjugated second-
ary antibody (Biorad) at a dilution of 1:3000 followed by
chemiluminescence detection.

RESULTS

Expression of Bcl-2 blocks HNE-induced apoptosis but
not protein adducts

The antiapoptotic protein Bcl-2 has been shown to
stabilize mitochondria and prevent the release of cyto-
chrome ¢ into the cytosol. Therefore, a RAW 264.7 cell
line expressing stably transfected Bcl-2 [34] was com-
pared to the parental line to determine the importance of
mitochondrial cytochrome c release in HNE-induced ap-
optosis. Although Bcl-2 expression in RAW 264.7 pa-
rental cells is undetectable by western blot analysis, a
strong band was observed in the Bcl-2-14 transfected but
otherwise isogenic cell line (Fig. 1).
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RAW BCL-2
264.7 -14

— 25kD

Fig. 1. Overexpression of Bcl-2. Total protein (50 pg/lane) from RAW
264.7 parental cells and RAW 264.7 cells transfected with human Bcl-2
(clonc 14) was run on a 12% SDS-PAGE gel, transferred to nitrocel-
lulosc, and probed with polyclonal antibody Bcl-2 (N-19) (Santa Cruz
Biotechnology; Santa Cruz, CA, USA) at a 1:300 dilution as described
in Matcrials and Mecthods.

When RAW 264.7 cells were exposed to 50 uM
HNE, apoptotic DNA fragmentation was detected as
early as 3 h after exposure (Fig. 2A). Within 12 h after
exposure, greater than 90% of the cells exhibited late
stage morphological changes: apoptotic blebs and blis-
ters (seen under time-lapse video microscopy; not
shown). Also, initial cell viability was determined by
trypan blue exclusion using increasing concentrations of
HNE. Cells remained viable and membranes remained
intact for 2-5 h (depending on HNE concentration) after
the initial exposure to HNE concentrations up to 75 uM.
This indicates that there was no direct membrane perme-
abilization due to the lipophilic nature of HNE. When
Bcl-2 overexpressing cells were exposed to 50 uM HNE,
no apoptotic DNA fragmentation was seen up to 24 h
after the exposure (Fig. 2A), although they displayed a
significant delay in growth when compared to untreated
controls (Fig. 2B).

When the HNE concentration was increased to 75
uM, Bcl-2 overexpressing cells continued to show no
apoptosis (shown in Fig. 7), but at higher concentrations
a nonspecific degradation pattern characteristic of ne-
crotic death was observed (not shown). At lower con-
centrations (below 25 uM), no apoptotic DNA fragmen-
tation could be detected in either the parental or Bcl-2-
expressing RAW 264.1 cells. However, both cell lines
displayed a concentration-dependent growth inhibition at
low, nonapoptotic HNE concentrations (data not shown).
Measurement of HNE-protein adducts by immunoblot-
ting showed that Bcl-2 overexpression did not protect
against apoptosis by reducing overall adduct formation
(Fig. 3). Therefore the antiapoptotic effects of Bcl-2
expression occur in subsequent steps of the cascade of

RAW 264.7 BCL-2
hrs 013691224 0136 91224

A
1200
1000 -
= 800
& 6001 -0~ 0uM HNE
;2 400 - —a-50 uM HNE
200
0 -
200 0 12 24 36 48 60 80
B hrs after exposure

Fig. 2. (A) Bcl-2 expression protects against HNE-induced internucleo-
somal DNA fragmentation. RAW 264.7 parental cells and parental
cells overexpressing Bcl-2 were exposed to 50 uM HNE for 1 h in
serum-free media. Cells were harvested at the indicated times and DNA
was isolated, electrophoresed, and stained with ethidium bromide as
described in Materials and Methods. (B) HNE induces a temporary
growth inhibition (up to 48 h) in Bcl-2-expressing cells. Bcl-2-express-
ing cells were exposed to either O or 50 uM HNE for 1 h in serum-free
media. Cells were trypsinized and counted at the indicated times using
a Coulter Cell counter (Coulter Corp.; Westbrook, ME, USA).

apoptotic events, beyond initial protein modification by
HNE.

HNE-induced p53 protein accumulation and
cytochrome c release

Accumulation of p53 tumor suppressor and release of
cytochrome ¢ from the inner membrane space of the
mitochondria into the cytosol have been implicated as
mediators of oxidant stress-induced apoptosis. There-
fore, p53 protein levels and release of cytochrome ¢ were
examined by immunoblotting over a period of 12 h. Both
the appearance of cytochrome ¢ in cytosolic fractions
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Fig. 3. Bcl-2 expression does not protect against HNE-induced protein
adduct formation. Parental and Bcl-2-expressing cells were exposed to
increasing amounts of HNE for 1 h. After 2 h, cells were harvested and
lysed. Fifty ug of total protein was electrophoresed on a 10% SDS-
PAGE gel, transferred to nitrocellulose, and probed with a polyclonal
antibody specific to HNE-protein adducts at a dilution of 1:2500.

and p53 protein accumulation were detected in RAW
parental cells within 3 h after exposure to 50 uM HNE
(Fig. 4). Cytosolic cytrochrome ¢ levels continued to
increase through the 12 h after exposure, while p53
protein levels peaked at 6 h and decreased throughout the
subsequent 6 h. Unlike parental cells, Bcl-2-expressing
cells did not release any cytochrome ¢ into the cytosol
during the 12 h after exposure. However, these cells
showed a slightly delayed increase in p53 protein that

RAW 264.7

p53
Accumulation
Loading Control

Cytochrome C
release

Loading Control

reached higher levels than in parental cells over the
initial 12 h, and was sustained at these high levels for at
least 96 h (Fig. 5).

The concentration dependence of HNE-induced cyto-
chrome c release and p53 accumulation and their rela-
tionship to apoptosis were examined in more detail.
When parental RAW 264.7 cells were exposed to 25-75
uM HNE, cytochrome ¢ appeared in the cytosolic frac-
tion at all concentrations within 6 h after the initial
exposure. With increasing concentrations, a parallel in-
crease in cytochrome c release was observed (Fig. 6). As
previously observed at 50 uM HNE, Bcl-2-expressing
cells showed no cytochrome c release throughout the
range of HNE concentrations tested. Interestingly, p53
stabilization was not proportional to HNE concentration,
and in fact p53 accumulation was more prominent at
lower concentrations in RAW parental cells as well as
the Bcl-2-expressing cells. It is possible that at concen-
trations as high as 75 uM, the protein kinases necessary
for the phosphorylation and resulting stabilization of
p53 are inhibited by HNE, albeit not completely in the
Bcl-2-14 line. The DNA fragmentation assay showed
apoptotic DNA fragmentation relatively early at 50 and
75 uM in RAW 264.7 parental cells. No detectable
apoptosis occurred at any of the concentrations tested in
Bcl-2-expressing cells (Fig. 7).

Effects of SV40 large T-antigen expression in
HNE-treated RAW 264.7 cells

The role of p53 in HNE-induced apoptosis was further
probed by expression of SV40 large T-antigen (TAg) in

BCL-2

50uM HNE

Fig. 4. HNE induces an accumulation of p53 protein in both parental and Bcl-2-expressing cells and a release of cytochrome c in
parental cells. Bcl-2 protects against HNE-induced cytochrome ¢ release. Cells were exposed to 50 pM HNE for 1 h in serum-free
media. At the indicated times, cells were harvested and analyzed for either p53 stabilization or cytochrome ¢ release. Total protein was
electrophoresed on a 10% SDS-PAGE gel for p53 studies. P53 was probed with hybridoma supernatant pAB 122 [36] at a dilution of
1:100. For cytochrome c studies, cytosolic protein was isolated as described in Material and Methods, and 25 ug of protein was
electrophoresed on a 15% SDS-PAGE gel and probed with 1 pg/ml anti-cytochrome ¢ monoclonal antibody 7H8.2C12 (PharMingen;
San Diego, CA, USA). Loading controls arc shown to indicate equal protein loading.



Pathways of HNE-induced apoptosis 889
50 uM HNE 75 uM HNE
72 96 0 12 24 48 72 96

Fig. 5. HNE induces a sustained increase in p53 protein in Bcl-2-expressing cells. Bcl-2-expressing RAW 264.7 cells were harvested
at the indicated times after a 1 h exposurc to 50 uM HNE. Expression of p53 protein was measured by western blotting as described

in the legend to Fig. 4.

RAW 264.7 parental cells by stable transfection. TAg is
known to bind to p53 and interfere with its function by
forming stable TAg-p53 complexes [28,29]. The effects
of TAg expression on the levels of p53 and on the
transactivation function of p53 was assessed by deter-
mining the levels of p21WAF” CIP1 2 downstream effector
known to be transcriptionally transactivated by p53.
When exposed to HNE, control cells transfected with an
empty vector exhibited a p53 accumulation pattern sim-
ilar to that seen previously with parental cells (Fig. 8).
Cells expressing TAg exhibited a substantial increase in
p53 levels that was greater than that of empty vector
control lines. There was also a general increase in the
endogenous levels of p53 in the untreated TAg-express-
ing cells. This overall increase in p53 is likely due to the
stabilization of p53 resulting from the formation of the
TAg-p53 complex. While p21WVAFCIP! Jevels increased
substantially in control cells upon treatment with 30 or
50 uM HNE, this responsc was generally blocked in
TAg-expressing cells. Only at 30 uM HNE, 6 h after
exposure did p21WVAFVCIPY gionificantly increase. This
bricf increase, observed in all three experiments, may be

25 uM
hrs o 3 6 3
RAW 264.7 :

BCL-2 :
Loading control s

RAW 264.7 /.

50 uM

due to transient excess of p53 relative to the amount of
TAg present.

The effect of abrogation of p53 function by TAg on
the apoptotic induction potential of HNE was assessed in
control cells and TAg-expressing cells exposed to 30 or
50 uM HNE using DNA fragmentation as an index (Fig.
9). No discernible differences between control and TAg-
expressing cells were detected, suggesting that the apo-
ptotic potential of HNE is similar despite the changes in
p53 levels and function due to TAg expression.

DISCUSSION

While much has been published on the cytotoxic
effects of HNE, the discovery that HNE induces apopto-
sis is recent. The identification of HNE as an inducer of
programmed cell death suggests a possible causative
linkage between oxidant stress-induced lipid peroxida-
tion and redox signaling or modulation of apoptosis. We
have recently shown that while apoptosis can be caused
by several lipid aldehydes produced by lipid peroxida-
tion, HNE was the most potent inducer [12]. Therefore,

75 uM
3 6

p53 Accumulation

BCL-2

Loading control

Cytochrome C
release

Total
releasable

Fig. 6. Concentration-dependent patterns of p53 accumulation and cytochrome ¢ release in both RAW 264.7 parental and Bcl-2
transfectants. Parental cells and Bcl-2 transfectant cells were exposed for 1 h to increasing concentrations of HNE, then analyzed for
p53 or cytochrome c in cytosolic fractions as described in the legend to Fig. 4.
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Fig. 7. Complete protection against HNE-induced apoptosis in RAW 264.7 cells overexpressing Bcl-2. Control cells and cells
overexpressing Bcl-2 were exposed for 1 h in serum-free media containing increasing amounts of HNE. After 6 or 12 h, cells were
harvested, lysed, and the DNA processed as described in Materials and Methods.

we examined mechanistic aspects of the cascade of
events triggered by HNE that ultimately lead to the
apoptotic death of the cell.

The high reactivity of HNE results in facile formation
of Michael adducts with protein sulfhydryl-, amino-, and
imidazole-functional groups of proteins [1]. Notably,

several groups have reported damage by HNE to key
enzymes in energy metabolism, and damage to mito-
chondrial proteins and function [1,40]. Chemical modi-
fication of DNA by in vitro exposure to HNE has been
reported, and the resulting etheno-purine bases are ele-
vated in relation to oxidative stress [41,42]. Clastogenic

Empty Vector T-antigen
A A
4 YT I
UM HNE 0 30 50 0 30 50
bs 6 12]6 12 |6 12|6 12]6 12| 6 12

Fig. 8. Expression of SV40 large TAg resulted in an increase in endogenous p53, an increase in HNE-induced p53 accumulation, and
a decrease in p53-mediated transactivation of p21WAFVCIP1 Control and TAg-expressing cells were exposed for 1 h to HNE. At the
indicated times after the exposure, cells were harvested and lysed. Protein (100 pg/lane) was electrophoresed on a 10% SDS-PAGE
gel, transferred to nitrocellulose, and TAg, p53, or p21WAFVCIPL yere detected by western blotting as described in Materials and

Methods.
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Fig. 9. Expression of TAg caused no significant difference in the levels of HNE-induced DNA fragmentation. Cells were exposed to
0, 30, or 50 uM HNE for 1 h in serum-frec media and harvested and lysed at either 6 or 12 h later. DNA was isolated, precipitated,

and processed as described in Materials and Methods.

and mutagenic effects by HNE including sister chroma-
tid exchange and mutagenicity have also been reported
[1,40]. Thesc effects, and the previous finding that in-
duction of apoptosis by nitric oxide is associated with
p53 accumulation [34] suggested the possibility that p53
induction in response to DNA damage might play a role
in HNE-induced apoptosis.

The potential roles of p53 induction and mitochon-
drial signaling were examined in the mouse macrophage
cell line RAW 264.7, which is known to have wild-type,
functional p53. Apoptosis was induced rapidly in a con-
centration-dependent manner in these cells with internu-
cleosomal DNA fragmentation occurring as early as 6 h.
However, overcxpression of Bcl-2 protected the cells
from loss of viability and induction of apoptosis through-
out the range of HNE concentrations in which apoptosis
is the primary mode of cell death. Expression of Bcl-2 is
thought to protect cells at the level of the mitochondria
primarily by preventing the release of cytochrome c into
the cytosol [33]. This, together with the protective effect
of Bcl-2 against HNE induction of apoptosis, further
suggests a key role for mitochondria in HNE apoptotic
signaling. Expression of Bcl-2 has also been shown to
protect against oxidative stress, in some cases by enhanc-
ing GSH levels or preventing GSH depletion [43-45].
However, this does not appear to be a major factor in
these studies, sincc we have found only moderate
(< 30%) and transient (< 1 h) depletion of GSH by HNE

under similar conditions (not shown). We have shown
that while Bcl-2 protects against apoptosis, it does not
protect against general HNE alkylation of protein. This
suggests that Bcl-2 is protecting the cell downstream of
the initial protein damage, which occurs equally in both
parental and Bcl-2-expressing cells. Interestingly, in Bel-
2-expressing cells HNE caused a substantial growth de-
lay of up to 48 h after exposure rather than cell death.
This growth delay likely represents time required for the
Bcl-2 cells to repair the cellular damage that would have
induced apoptosis (as in the parental cell line) without
the stabilizing downstream protection given by Bcl-2.
Apoptosis can occur as a result of DNA damage, a
process mediated through the phosphorylation and sub-
sequent stabilization and cellular accumulation of p53
protein [46]. Total cellular p53 levels increased signifi-
cantly in HNE-treated cells over that of untreated con-
trols, in parental cells, and to an even greater extent in
Bcl-2 lines. Further p53 accumulation was transient in
control cells while p53 levels remained elevated in Bcl-
2-expressing cells for at least 96 h. Beyond the 48 h
growth delay, Bcl-2 cells appear to grow normally with
no apparent effect of the increased p53. This sustained
level of p53 protein may be due to reduced turnover via
protein degradation pathways. Indeed, a recent study
showed that HNE covalently binds proteasomes and im-
pairs ubiquitin/proteasomal-dependent proteolysis [9].
Modification of p53 by HNE may also prevent dephos-
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phorylation or targeting for degradation by conjugation
with ubiquitin.

Cytochrome c¢ release occurred as early as 3 h after
HNE exposure in parental cells, and increased with both
time and HNE concentration. In contrast, Bcl-2 cells
showed complete protection against cytochrome c re-
lease at all concentrations tested. The fact that Bcl-2
protected against apoptosis and protected against cyto-
chrome ¢ release suggests that HNE induces apoptotic
cell death by a mechanism that is dependent on mito-
chondrial cytochrome c release. One possibilility is that
HNE binds directly to a critical mitochondrial protein
and induces a permeability transition that leads to cyto-
chrome ¢ release. For example, the adenine nucleotide
transporter, which is thought to mediate the opening of
the permeability transition pore that leads to the collapse
of the transmembrane ionic potential, appears to contain
a sensitive and accessible thiol group [47-49]. This
possibility is particularly interesting because of the levels
of lipid peroxidation and subsequent production of HNE
that are produced directly in mitochondria due to the
normal release of ROS within the mitochondria matrix
resulting from oxidative metabolism.

The significance of pS53 accumulation in HNE-in-
duced apoptosis was further probed by using SV40 TAg
expression as a means of blocking p53 protein function.
Expression of TAg in RAW 264.7 cells did not alter
morphology, growth rates, or basal levels of apoptosis.
However, p53 function was blocked or reduced when
compared to control, non-TAg-expressing cells. It is
interesting to note that while levels of p21WAFV/CIP! are
decreased, levels of p53 are significantly increased. This
may be due to general stabilization of p53 in the TAg/
p53 complex, which results in an overall increase in total
p53 protein that is predominantly inactive.

Despite impairment of p53 transactivation due to
complex formation with TAg, there was no change in
HNE-induced apoptosis. Since neither HNE-induced p53
accumulation nor the TAg-mediated loss of p53 function
had any effect on HNE-induced apoptosis, we conclude
that p53 plays a minor, if any, role in HNE-induced
apoptosis.

The mode of expression of apoptosis is known to vary
considerably in different cell types even when triggered
by the same insult, due to variations in the availability or
sensitivity of specific regulatory pathways that are acti-
vated by a particular agent [50]. Hence, the importance
of cytochrome c release in response to HNE may vary in
other cell lines, due, for example, to differences in the
number of mitochondria or to metabolism of HNE. In-
deed, we have shown that expression of human aldehyde
dehydrogenase-3 in RAW 264.1 greatly reduces HNE
toxicity by converting HNE to 4-hydroxynonenoic acid,
although the mode of death at the much higher concen-

trations required remains apoptotic [12]. The lack of a
role of p53 in HNE-induced apoptosis was also exam-
ined in another cell line previously transfected with an
inducible pS3 expression vector [51]. Induction of p53
expression in H1299 lung cancer cells did not alter the
kinetics or extent of HNE-induced apoptosis when com-
pared to the p53-null parental cells (Haynes and
Townsend, unpublished data). These results support our
conclusion that p53 plays little or no role in the mecha-
nism of induction of apoptosis by HNE.

In summary, we have shown that in RAW 264.7 mouse
macrophages, HNE induces a cytochrome c-associated
and apparently p53-independent apoptotic cell death.
These findings contribute to what is known about the
cellular effects of HNE, and provide evidence of a po-
tential link between oxidant stress-induced lipid peroxi-
dation and oxidant stress-induced apoptosis.
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ABBREVIATIONS HNE—4-hydroxy-2-nonenal
NF-«kB—nuclear factor kB
DMEM—Dulbecco’s minimal essential medium PBS—phosphate-buffered saline
EDTA—ethylene diamine tetraacetic acid PMSF—phenylmethylsulfonyl fluoride
FBS—fetal bovine serum ROS—reactive oxygen species

GSH— glutathione TAg—large T-antigen



